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\\( ABSTRACT
™

An interactive computer model of a highly enriched pressurized water
reactor was developed, using the applicable plant parameters from the i
Shippingport Atomic Power Station. The point reactor kinetics equations |
for one delayed neutron precursor group were linearized using small

perturbation theory. The model included both moderator and Xenon-135

reactivity feedback effects, as well as an automatic reactor protection
and average reactor coolant temperature control system., The thermal
response of the model plant was simulated for normal operating transients
induced either by control rod or turbine load changes. The post shutdown
Xenon transient response was also modeled. The interactive program was

coded in FORTRAN-IV language, and the simulation program was coded in

IBM CSMP-III language.
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I. INTRODUCTION

Computers have been used in the design and analysis of nuclear
reactors since the inception of reactor technology, and many codes have
been developed. More recently, digital computer programs have been used
as learning devices for nuclear engineering students. The formulation
of the computational problem of predicting the behavior of a nuclear re-
actor has been greatly facilitated with the use of high level computer
languages.

The purpose of this work was to develop a computer assisted learning
device to be used by students taking nuclear engineering courses at the
Naval Postgraduate School. The program graphically displays the simulated

kinetic and thermal transient responses of a pressurized water reactor

power plant. The reactivity feedback effects of Xenon-135 poisoning and

moderator temperature are incorporated into the model. Normal operating
transients, starting from a steady state critical condition, can be
induced by ramp changes in either control rod position or turbine load.
The initial reactor power level and reactivity change mechanism are

chosen by the program user. For user convenience, these inputs are

prompted and entered interactively, after which the simulation is run
with no further user action required.

A pressurized water reactor (PWR) was modeled as it is the most
common type of reactor used for power plant application. As a realistic
reference, the model design incorporated the applicable characteristics
of the Shippingport Atomic Power Station, whose nuclear parameters were
the most compatible, of available PWR core data, with the assumption of
a highly enriched core made in the model design.

9




The model was developed by treating the reactor kinetics and other
plant component thermodynamic relationships as transfer functions [1].
The point reactor kinetics equations were linearized using a Taylor ex-
pansion or small perturbation technique [2]. This same perturbation
technique and lumped parameter analysis were applied to the plant's
linear differential heat transfer and Xenon-135 equations [3]. The
individual transfer functions were then integrated into an overall plant
block diagram. The program also features a reactor protection and
average reactor coolant temperature control scheme.

IBM CSMP-III language was chosen to formulate the model simulation
as it has inherent routines to invert the transfer functions to the time

domain.
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II. MODEL DESIGN CONSIDERATIONS

Lumped parameter analysis and first order perturbation theory were
used throughout the model development. A1l the nuclear variables which
were used in the reactor kinetics and Xenon-135 decay equations were
considered to be averaged values of the variables over the neutron
energy spectrum. Similarly, the thermodynamic variables which were
used in the plant's heat transfer equations were considered to be
averaged values over the volume of the particular component.

Because of these approximations and other assumptions made in the
model development, the simulation should not be considered a design or
stability analysis. Instead, the simulation shows the model's large
scale reactor kinetic and thermal trends during normal operating
transients.

For similar reasons, although certain plant parameters of the
Shippingport Atomic Power Station were incorporated into the model, the
simulation cannot be considered to reflect the operating characteristics
of this power plant. The Shippingport core is a seed and blanket type
whereas the model core is a uniform mixture of highly enriched fuel

and support materials.

A. PRESSURIZED WATER REACTOR

The pressurized water reactor (PWR) is the most widely used reactor
type in central power plant applications and the only type currently
used in naval propulsion.

A simplified schematic of the modeled PWR plant is shown in Figure

1, The modeled reactor contains a highly enriched core which is light

n
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Figure 1, Schematic of the Model Plant

water moderated and cooled. The modeled plant contains two closed loop
thermodynamic systems coupled by a heat exchanger,
In the primary system, heat generated from thermal fission is trans-

ferred to the coolant as it passes through the reactor, raising the ?

ol docc,

coolant's temperature. The high temperature coolant leaving the reactor
is circulated by a pump through tubes inside of a heat exchanger where
it gives up some heat to a secondary fluid. A pressurizer maintains

the primary coolant at a sufficiently high pressure so that the bulk
temperature of the coolant is kept below the saturation temperature.

On the secondary side of the heat exchanger, the temperature of the

entering feedwater is raised to the boiling point and saturated steam
is produced. The steam is delivered to a turbine, is condensed and

returned to the heat exchanger, completing the second closed loop.

12
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B. MODEL AND PROGRAM FLEXIBILITY

The model was designed to simulate only normal operating transients
from an initial steady state condition. Reactor accidents and startup
were not considered in the model development. However, the model's re-
actor control module will simulate either a full or constant insertion
of control rods if certain parameters are exceeded. This feature was
not incorporated for accident analysis, but to keep parameters within
the limits of the assumptions made in the model development.

The applicable Shippingport plant characteristics are fixed in the
simulation program. User inputs are limited to choosing initial power
level, from which other initial parameters are adjusted, and the plant
perturbation mechanism, either control rod movement or turbine load
change. These perturbations occur at fixed rates which limit the amount
of reactivity that can be inserted during the simulation.

Originally it was envisioned that an overall program would feature
not only interactive input capability but also produce real time graphi-
cal displays of the transient for a user at a time sharing computer
terminal which had graphics capability. However, the computer language
(IBM CSMP-III) required to solve the model's algorithms was not avail-
able on the time sharing system, and furthermore, the programs long
execution time precluded any real time response.

In order to still provide as much user facility as possible with
these restrictions, the interactive feature was partially retained for
data input. Using a computer language available on the time sharing

system (FORTRAN-1V), a program which interactively prompts the user to

13




enter specified controlling parameters was developed. This program in-

corporates logic routines which permit inputs only within requested
ranges. This feature allows for data reentry if a user error is made,
and ensures that only inputs compatible with the model development's
assumptions are used in the simulation.

After the input is completed, the initial transient conditions are
displayed at the terminal. A separate internal control program then
transfers the user supplied inputs into the simulation program. The
control program then transfers the simulation program to the batch
processing system for execution. The interactive program notifies the
user that this has been done. Hard copy plots of the transient are
subsequently produced. The post-shutdown Xenon behavior module is
located in the interactive program and produces real time graphical
displays at the terminal.

Thus there are three distinct programs:

1. An interactive program to prompt and receive user input,
and also simulate post-shutdown Xenon behavior.

2. A batch processed program which simulates the transient
response to the user inputs..

3. An internal control program which interfaces these two
programs,

14
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II1. MODEL DEVELOPMENT

A. POINT REACTOR KINETICS EQUATIONS

A lengthly and formal derivation of the point kinetics equations is
found in Reference 4 and will not be repeated here. More generally these
equations are obtained from one group neutron diffusion theory with the
assumption that the neutron flux is deparable in time and space, and

with the inclusion of delayed neutrons [5]. They are listed below.

dgét) = /a(tA)-ﬂ ﬂ(t) + ;hici(t) + Q(t) (])
dc.(t) 3.

i

T = A B(t) - ALC(t) i=1.2,... (2)

where @(t) = Flux amplitude function
R(t) = Reactivity

Ci(t) = Effective concentration of the ith delayed
neutron precursor group

Q(t) = Extraneous delayed neutron source strength

}31 = Effective delayed neutron fraction from
the ith group

A4 = Decay constant of the ith group
and /3 = ,6-5 = Total effective delayed neutron
3

fraction
These equatfons are referred to as the point reactor kinetics equa-
tions not because the reactor is considered as a single point in their
application, but since spatial variations are neglected. ji,/\,and Ay
are assumed to be constant.
If the neutron flux spatial variation is assumed to be time invari-

ant, P(t) can be considered to represent the number of neutrons in the

15




core. .Equation (1) may then be seen as a neutron rate equation where
the three terms on the right hand side represent the rate of production
of prompt, delayed, and source neutrons respectively.

Equation (2) is a rate equation for the ith delayed neutron precursor
group. The two terms on the right hand side represent production and
decay rates respectively. The precursors are comprised of approximately
thirty isotopes which historically have been divided into six groups

with decay constants ranging from 0.0124 to 3.0 seconds T gor 235

U. In
the model, the precursors were considered to be represented by one

effective group characterized by an averaged decay constant [2]. ;

[$EAT

;idk

and an effective delayed neutron fraction
A= Z7a
1-1/3‘

In equations (1) and (2), reactor power may be substituted for neutron

flux if the precursor concentration is modified by C = Ef i:fcold

since
- {
P=E. L

where P Reactor power
Ef = Energy released per fission
Zf Macroscopic fission cross section
) Integrated one group neutron flux

For a reactor operating at power, the source term contribution to

the overall neutron population is negligible, i.e., Q = 0,

16
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Incorporating these assumptions, equations (1) and (2) reduce to:

_a.é_l" t ...L)__.°/3 P(t) + AcC(t) (3)
dc(t A
£ = == P(t) - AC(t) (4)

1. Zero Power Reactor Transfer Function

Consider an initially critical steady state reactor at some power

level Po at t § 0. Equations (3) and {4) each yteld:

A
% * "~ %o (5) |
Now let P(t) = P+ aH(t)
c(t) = ¢, + dt(t) (6)
Alt) = A + oht)
where the zero subscript denotes the initial steady state value
and the delta prefix a small perturbation imposed at t = 0 about .
this value. .
Noting that ,00 = 0 for a critical reactor and substituting equa-
tions (5) and (6) into equations (3) and (4) yields for t 2 0
& ey s B Loy - Lopr) s Adb(Y) (7)
Feie) « o) - adt) (8)
where the -d—‘%& term in equation (7) has been neglected.
Taking the Laplace transforms of equations (7) and (8):
 dis) » g - L rr@ ¢ Adcis (9)
A
Scis) » —=Pt) — Adeim (10)

17




Solving equation (10) for C(s), substituttng this into equation
(9), and rearranging, yields:

P} _ f

PE " s(ar43)

This is the zero power reactor transfer function, so called because

(1)

the reactor is assumed to be operating at a sufficiently low enough
power that no feedback effects are realized. These effects are examined
in the following sections.

Equation (11) may be represented in block diagram form as shown in

Figure 2.

dots) Pis)

——ﬂw '.z(.)

Figure 2. Block Diagram of the Zero Power Reactor
Transfer Function

1
where Z(s) = — 3y
S

(A +555)

2. Limitations of the Point Reactor Kinetics Equations

The point reactor kinetics equations derivation is based on
the assumption that the spatial dependence of the neutron flux is
negligible. This assumption 1imits the validity of these equations to
transients where this remains a reasonable approximation such as those
which result in only small changes in reactivity., The small perturba-

tion technique used in the development of the zero power reactor

18
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transfer function also requires only small changes in reactivity if the
first order approximation is to hold. Specifically, , must be less
than 0.5,3'. Physically, when 0 1is greater than ,3 the reactor is
critical on prompt neutons alone. The simulated transients imposed on
the model were limited to ensure that excessive amounts of reactivity

were not introduced.

B. REACTIVITY FEEDBACK MECHANISMS

In the zero power reactor point reactor, the power level is assumed
to be so low that it does not affect the reactivity, thus there are no
feedback effects. However, for a reactor operating at a useful power
level, feedback effects do exist and the reactivity becomes an implicit
function of the reactor power level (or neutron flux). This dependence
arises since reactivity depends on macroscopic cross sections which in-

volve the atomic number densities of material in the core:

T = NO

where p A Macroscopic cross section (an‘t)
N = Atomic number density (atoms/cm3 )
O = Microscopic cross section {(cm ® )

The atomic number density can depend upon the reactor power level
since the concentrations of certain nuclei are constantly changing due
to neutron interactions. Material densities also depend upon tempera-

ture which is a function of reactor power level and hence the ﬂux.1

]Duderstadt, J. J. and Hamiliton, L., J., Nuclear Reactor Analysis,
Tst ed., Wiley, 1976.
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The two feedback mechanisms considered in the model were Xenon-let and
moderator temperature.

Reactivity can also be changed directly by an external source such
as control rods containing a neutron absorbing material. Thus the over-

all reactivity can be written as:

#:o’,'d(-r oI + dor (12)

where /,bx- Fx P
oy Fr P
dj0 = Overall core reactivity
ofox = Externally added reactivity
dPx = Xenon-135 feedback reactivity
qﬂ’r = Moderator temperature feedback reactivity
Fx = Xeonon transfer function

FT = Moderator temperature transfer function

Equation (12) with the previously developed zero power reactor

transfer function, given by equation (11), are incorporated in the

block diagram below:

Fxll)

P Z(s)

F‘,(n) e

Figure 3. Block Dfagram of the Reactor Transfer Function
with Xenon-135 and Moderator Temperature
Feedback Loops, and External Reactivity

20
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The next step in the model development was to derive the Xenon-135 7

and moderator temperature transfer functions.

1. Xenon-135 Transfer Function

Xenon-135 is the most significant fission product poidon because
of its enormous thermal neutron absorption cross section and relatively
large fission yield. This isotope is not only produced directly from

fission but also from the decay of other fission products as shown in

Figure 4,

15.3min
135 8"
sb[ 1.7 Te[ 19.2 [ 6.58 Xe [907
sec so¢ hr he

{91%)
N .‘ﬁ
o, 2 T o

Figure 4. Xe-135 Decay Scheme

Since the /A decay of Todine-135 (13°1) and Xenon-135 (135%e), with
the largest half-lives, are the controlling steps in this decay scheme,
it was simplified by making the following assumptions:

1) AN 1351 is produced directly from fission (the production of §

Antimony-135 (]355b) and subsequent decay to 1351 45 considered §
instantaneous). H

2) The short 1ived metastable 135m

135

Xe is ignored.

3) The removal of I by neutron absorption is negligible for

the neuton flux levels used in the model ('IO‘4 neutrons/cm‘sec).

21
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4) A1l the I decays to Xe.

With these assumptions the effective decay scheme is shown in Figure

. 135
135, | A 135, 1 Ax

Figure 5. Simplified Xe-135 Dééay Scheme

Using this decay scheme, the resulting rate equations for ]351 and i
Xe are: |
dIw) _ ¥r e d(v) - Az I() (13) ‘

at £

d:f‘)= Vx e de) + AT Ile) —Ax XC) - T5¥dce) X(©)  (149)

where 1= ]351 number density (atoms/cm3)

135

X Xe number density (atoms/cm3)

Z¢

p = Integrated one group neutron flux (neutrons/cm
135

135

Macroscopic fission cross section (cm'])

2sec)

Effective

oL
—
"

I fission yield

¥y = Effective ~“Xe fission yield

7\1 = 1351 4ecay constant (sec™))

= 135y, decay constant (sec'l)

X
0'; = 135, microscopic thermal neutron absorption cross
section (cm2)

22




Again, using the first order perturbation technique, let

I(t) =1+ F1(t)

X(t) = X + oX(t) (15)
p(t) = g, + IB(t)

where the zero subscript denotes an initial steady state value and
the delta prefix denotes a small perturbation about this value.

Upon substituting equations (15) into equations (13) and (14), and

taking the Laplace transform, the relationship between the perturbation

n 135

i Xe and P is derived (See Appendix A):

I%X® _ UxTr-c5*Xo)s + Az (¥1 T¢ + ¥ Zf-55* Xo)

= = Gx(8) -(16
A IS ST+ (5 Got MtAT) S+ AT(CS Bt Ax) (16)
The change in reactivity caused by a small perturbation in ]35Xe
concentration is also derived in Appendix A:
7Pox (%) 1
a”X(S) xo N .Q_F:u b 3 (17)
q&

where X = Equilibrium 135Xe number density before the
perturbation (atoms/cm3)

U = Uranium-235 (235U) number density (atoms/cm3)

CEF = Microscopic thermal neutron absorption cross
section of 23%y (sz)

A perturbation in neuton flux ( &*p) is directly proportional to a

perturbation in reactor power ( J’P) as shown by:

23
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where Ef = Energy released per fission

}Zf = Macroscopic fission cross section of

or

B s) - S K
dPisy Eg3g

The product of equations (17), (16), and (18) yields:

PoxS) SX(S) SB(s) _ o)
X)) SF(s) P (S) S P(s)

= KGy(s)K = Fxls)

235

(18)

(19)

Equation (19) is the transfer function relating reactor power and

135

Xe feedback reactivity. This equation is shown in block diagram

form in Figure 6 where it has been incorporated with the previously de-

rived zero power transfer function given by equation (11).

< aXis JOts)

K x

G,

I Ps)

> P, Z(s)

Figure 6. Block Diagram of the Reactor Transfer
Function with Xenon-135 Feedback and

External Reactivity

2. Moderator Temperature Feedback

Reactivity feedback from changes in moderator temperature occurs

as a result of changes with moderator density.

The density is also a




function of pressure, however, the pressure coefficient of reactivity is

typically two orders of magnitude smaller than the temperature coeffi-
cient, and was therefore not considered in the model development. The
moderator density affects the moderator number density and hence the
macroscopic scattering cross section of the moderator.

The primary mechanism for the thermalization of the prompt and de-
layed neutrons is by elastic scattering interactions with the moderator
nuclei. Hence, variations in the macroscopic scattering cross section
will affect the rate at which neutrons become thermalized. Changes in
the thermalization rate affect the fission rate, or reactor power level,
Power level changes affect the moderator temperature, thus a feedback
Toop is created.

Because the moderator is also the coolant in the model, its temper-
ature is not only a function of reactor power but also a function of the
heat transfer process occurring in the heat exchanger, thus complicating
the feedback loop.

Therefore, in order to develop this feedback mechanism analytically,
it is first necessary to model the plant's heat transfer processes.

This thermal analysis is done in the following section.

Another temperature feedback mechanism is the broadening of the
Uranium-238 resonance absorption cross section for neutrons with increas-
ing temperature., Because a highly enriched core was assumed in the

model, with 1ittle Uranium-238, this effect was not considered,
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C. THERMAL ANALYSIS

1. Reactor Heat Transfer Function

A lumped parameter model was assumed. This simplification pro-
vided a set of ordinary differential equation which were sufficiently
accurate for the simulated normal operating transients. In the lumped
parameter model, heat transfer in the reactor was assumed to occur at a
single point. Thus, spatial variations were neglected. The core was
considered to be a homogenized mixture of the uranium alloy fuel, the
fuel cladding, and other structural materials, with a constant thermal
capacity.

The equation for the heat flow from the core was obtained from a
basic heat balance. The heat generated from fission equals the heat
required to change the temperature of the core materials plus the heat
transferred to the coolant. On a per unit time basis, the heat balance
is:

dTF(t)
P(t) = Cp -qr— * Mgy [TF(t)- Tyy(t) ] (20)

where P(t) = Total Power generated in the core (Btu/sec)
TF(t)= Average temperature of the core materials (°F)

TAv(t) = Average reactor coolant temperature (°F)
Cp = Total thermal capacity of the core materials (Btu/°F)
hey = Total heat transfer coefficient (Btu/®F sec)

A similar heat transfer balance must also hold for the heat being

transferred to the coolant and transported out of the core, This heat

is the last term of equation (20) and is transferred to the coolant as:




h,H[TF(g)-TA.,m] a Cu dlav (&) + mmC [Tu,(e) -Tc,w] (21)

dt
where CM = Total thermal capacity of coolant in the core
(Btu/°F)
ﬁm = Coolant mass flow rate (1bm/sec)
THo = Average reactor coolant outlet temperature (°F)
TCi = Average reactor coolant inlet temperature (°F)
C = Specific heat of reactor coolant (Btu/1bm°F)

For simplification, the average reactor coolant temperature is

assumed to be given by:

Tave) = [ Ryt + Tigtw)] /2 - (22)

. Rearranging equation (20) yields:

T 7 9Tewel ¢ Ty
Fe) + Ty To av(x) + & P(k) (23)
where 1 = ——ﬁ?

Substituting equation (22) into equation (21) to eliminate TH'yieIds:

T [1r2 8] 2T O © R e 2 B0 (24)
where Tom Su_ , and
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Now let

P(t) = P, * dP(t)
+ d'TF(t)

i F F,

gf : ' Ty (t)= TAVO+ aPTAv(t) (25)

- Ty (t)= Tho

+ I 1.(t)
) o Ho

T. (t)=T . (t
ci( ) + Co( )

Ci,
where the zero subscript denotes a steady state value and the
prefix a small perturbation about this value,
Substituting equations (25) into equations (22), (23), and (24),
elimipating the average temperatures TF(t) and TAV(t), and taking Laplace
transforﬁ;, the following relationship between reactor coolant inlet and

outlet temperature perturbations is derived (see Appendix B):

77 p
{Z (B (F )] rm o som
I The(8) = - (26)
TR % (7
(Fe[E(F)n]es)
where

Cela MG
This equation is the reactor heat transfer function for the reactor
coolant outlet temperature as a function of the reactor coolant inlet
temperature and reactor power,
A block diagram representation of this transfer function is shown

fn Figure 7.
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Figure 7. Block Diagram of the Reactor Heat
Transfer Function

In Figure 7
Ge(s) = (5{-‘3‘4» [—:—i (-:,.7:; u) -5]54-1}
1
Gy, (S) =

% 7o (71
(% [ G) )]

2. Heat Exchanger Transfer Function

As in the derivation of the reactor heat transfer function, a

lumped parameter model was assumed for the heat exchanger. Two points
of energy storage were assumed, the primary coolant water and the water
on the secondary side of the heat exchanger. The thermal capacity of
the heat exchanger metal was included with that for the secondary water,
since the thermal resistance on the primary side is predominant. A

further assumption was made that the time spent by the primary coolant




while it passed through the heat exchanger was negligible in comparison

with the time spent in the primary piping.

3
b 1
)
}
|
-
|

X exchanger was assumed to always be dry and saturated and that the

The state of the steam produced on the secondary side of the heat

secondary water is always at the saturation temperature for the existing
pressure, These assumptions were justified because moisture separators
and recirculation can provide high quality steam and preheating of the
feedwater.

With these assumptions, the following equations were obtained from

a heat balance per unit time:

Ame (R -Tow] = cn 209, np [T -Tsw] - (27)
M[Tm,m —Ts(t\] =G "—}t‘—"“ + R (&) (28)

i

where THi(t) = Heat exchanger coolant inlet temperature (°F)

TCO(t) = Heat exchanger coolant outlet temperature (°F)
Tay (t) = Heat exchanger average coolant temperature (°F)
8
Ts(t) = Saturated steam temperature (°F)
hyy = Total heat transfer coefficient (BTU/°F.sec)

CM = Total thermal capacity of coolant in the heat
exchanger (BTU/°F)

Cs = Total thermal capacity of heat exchan?er metal
and secondary water and steam (Btu/°F

PL(t) = Power delivered by the heat exchanger (BTU/sec)

m = Coolant mass flow rate {lbm/sec)

0




The total heat transfer coefficient, a function of the primary coolant

flow rate (a constant in the model) and the heat transfer characteristics
of the heat exchanger, was assumed to be constant. Also, the time delay
in transferring heat across the heat exchanger tubes was neglected.
This changed the shape of the initial thermal transient but had little
effect on the basic dynamics of the secondary loop.

Again, as a simplification, the average temperature of the coolant

in the heat exchanger was assumed to be given by

Tag = 3 (1

B T

Hs + co) (29)
The power delivered by the steam generator is proportional to the
product of the steam flow rate and the difference in enthalpy between

the steam and feedwater

b [T ) - B = rhs (Hs-Hew) + 5 I3

where ﬁs = Steam flow rate (1bm/sec) !
Hy = Saturated steam enthalpy (Btu/Tbm)
He = Feedwater enthalpy (Btu/1bm)

This equation assumes the steam and feedwater flow rates are always
equal and thus neglects any instabilities in the secondary steam. i
As discussed in Reference 4, the enthalpy of saturated steam is
nearly constant over a wide range of pressure, varying from 1198 Btu/1bm

to 1204 Btu/1bm over a pressure range from 200 to 800 psig. The feed-

water enthalpy,which depends on condenser pressure, is usually between

50 and 100 Btu/1bm. Thus the enthalpy difference may be regarded as a




Y

e

constant, and the power delivered by the heat exchanger is directly

proportional to the steam flow rate.

PO sy
sl

The impedance to steam flow caused by the turbine is nearly indepen-

dent of turbine speed. If constant backpressure is assumed, the steam
flow rate is directly proportional to the throttle opening at a given

pressure. Thus, i

2, |

A = Proportionality factor which is_a function
of the throttle setting 1bm inZ
1bF sec

m, = 1"sA

where 77, = Saturated steam pressure (1bf/in

The numerous assumptions made in the heat exchanger model development
limit the accuracy of the resulting equations. However, the errors in-
volved in these assumptions are usually less than the amount of uncertainty
in the engineering valves of the coefficients used in the equations.

Recalling the previous assumption that

dTay (t)
B . 0 and
dt *

Substituting equation (29) into equation (27), yields:

v;\nc [Tu,(t) - Tco(t)l = h-m(-'z-['ru.‘(g) + Tco(t)] - Ts(t)} 30)

Solving equation (30) for Tc s gives:
()

2Ts(e) = Ty (1-Kq)

T le) =
Co (1+K4)

(31)
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where K.| = —

Substituting equation (29) into equation (28) gives:

hna {% [T"i(ﬁ'ﬁ' Taa(t)] -Ts(t)} = Cg %‘ + PL(t)

Rearranging this expression,
cs dls@ 4 1
o ae t Tste) = -;[Tu,(t) +'E:,(e)] + o R (32)
Let Tyi(t) -THio + J‘in(t)
Te (8 =Tg, ITg(t) (33)
: 0
Tt) =Ty o+ dT(¢t)
PE) =p e (t)

where the lowest zero subscript denotes a steady state value and
the delta prefix a small perturbation about this value.

By substituting equations (33) into equations (31) and (32), and
taking the Laplace transform, the following set of equations is derived

(see Appendix C):

':‘ [ﬁ%(s)-ro”Tm,(s)] - ﬁ"a a\"&(s)
T +1

ILTa(s) =

20'Ts (3) - Ty (31 [1- K1 ]
1+ K1

M) =

e
where 1)3 Yom




These equations are represented in a block diagram in Figure §.
J‘l’c ‘('s)
+ &
T\
¢
1+K
1-K
Jre ToK)
1
ToAgs
Tc 8!\
+
+ ]
2 A b
aﬂhf»
d!p»

Figure 8. Block Diagram of the Heat Exchanger
Transfer Function
With dfTH1 and cfPL as inputs, equations (34) and (35) form an
algebraic loop in chc and "’TS' These two equations were solved
(]
with the use of an inherent functional routine available in the CSMP-III

language which was used to formulate the model.
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3. Primary Piping Transfer Functions

While circulating through the primary loop, the coolant under-
goes mixing and transport delay effects., For example, a transient in
the coolant temperature at the heat exchanger outlet does not appear at
the reactor inlet until sometime later. Where there are volume or flow
direction changes, as in the reactor coolant inlet plenum, mixing occurs
causing a smearing of a temperature transient. Both of these effects
were approximated in the model by combinations of two types of time
delays: a pure transport delay and a simple mixing delay.

Assuming no mixing in the primary piping and no heat loss with
perfectly insulated pipes, pure transport delays are encountered in the
piping runs between the reactor and heat exchanger. With these assump-
tions, the temperatures involved in the transfer of heat between the re-

actor and heat exchanger can be given as
T, (t) =T, (t-T,)
H1 H° 3

1

same form as the outlet temperature of the reactor TH after a fixed
)
transport delay 13. This transport delay can be approximated by the

where the inlet coolant temperature to the heat exchanger TH has the

following differential equation which is derived in Appendix D.

dTH -
T + 13 i Ty (36)

H dt 0

i

Similarly, the transport delay from the heat exchanger outlet to
the reactor inlet plenum is:

. (t)+ T, 97, (¢
cip( )+ T,

Cip =T (t) (37)
t 0
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where Te (t) = Reactor inlet plenum coolant temperature (°F)
ip

Te (t) = Heat exchanger cutlet coolant temperature (°F)
()

This can be approximated by 1

e
Tc,,’(t) +‘IJQ —;:_i = Teo (k) (37)

As in the previous development, let

Ty (t) = TH°°+ a"THO(t) ‘
THip(t) = TH1p°+ J'THip(t) (38)

Te (1) = Tc°°+ d’Tco(t)

Te, (8= T, ¢ chip(t)

where again the lowest zero subscript denotes a steady state value

and the delta prefix a small perturbation about this value.
After substituting equations (38) into equations (36) and (37),
taking the Laplace transform, the following transfer functions are

derived (see in Appendix D).

S ) _ 1 (39)
d\rﬂg(S) 1*’65
dTew(s) = 1; (40)

d'Teq (5) 1+ TeS
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Combined mixing and transport effects are encountered at the reactor
and heat exchanger inlet and outlet coolant plenums. For simplification,
only the mixing effects at the inlet plenums were considered in the
model. Assuming perfect mixing and after performing a heat balance on
the plenum concerned, the combined mixing and transport effects are ex-

pressed by differential equations developed in Appendix D of the form
1‘9%531 #T.(t) = T,(t)
0 i
where
Ti(t) = Plenum inlet temperature (°F)

To(t) = Plenum outlet temperature (°F)

1’ = Mixing delay

As before, by using a small perturbation technique, and taking the
Laplace transform, the following transfer function is derived (see

Appendix D):

"o (5) .1
= ~, (41)
Ty (8) 1+7s

Block diagram representations of the coolant piping transport and

mixing transfer functions is shown in Figure 9.

D. OVERALL PLANT BLOCK DIAGRAM

The transfer functions developed previously for the zero power point
reactor, ]35Xe feedback, reactor and heat exchanger heat transfer, and
the primary piping were interconnected resulting in the overall model

block diagram shown in Figure 10. The moderator temperature feedback
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Figure 9. Block Diagram of the Transport
and Mixing Delay Functions
loop is seen to consist of the heat transfer process and primary piping
transfer functions which yield o"TC and (/'TH . These temperatures
i 0
are summed, then halved, yielding TAV’ which is then multiplied by
the negative temperature coefficient T, generating the moderator

temperature feedback reactivity ,OT.

E. MODEL CONSTANTS

The following plant parameters from the Shippingport Atomic Power

Station were obtained from Reference 6 and used in the model development,
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a.
b.
c.

d.

1. General Parameters

Reactor thermal power
Reactor coolant system pressure
Reactor coolant average temperature

Steam pressure at full load

2. Reactor Coolant System

a.

Reactor coolant flow rate
Reactor coolant outlet temperature
Reactor coolant inlet temperature

Coolant volume in core

3. Reactor Core

e.

a.

b.

231 MW
2000 psia
523° F
600 psia

6280 1bm/sec
838° F
508° F

103 ft3

Configuration Right cylinder
Size 6.8 ft. dia X 6 ft. high
Fuel Toad U235 (seed) 75 kg
Composition (seed)

1) Water 43.5 v/o
2) Fuel alloy 30.0 v/o
3) Zircalloy 34.1 v/o
Control Rods

1) Total rod worth 0.256 k
2) Scram time 0.35 sec time delay

4, Nuclear Data

Thermal neutron flux

Prompt neutron lifetime

2X10

1.0 sec rod drop

14 n/cm2 sec

5.6 X 1072 sec




c.

d.

Effective delayed neutron fraction 0.0077

Temperature coefficient of reactivity 3.1 x 1074 I k/°F

5. Reactor Protection Setpoints

a.

Scram

1) High reactor power 138%
2) High reactor coolant outlet temperature 550°F
Cutback

1) High reactor power 114%
2) High Startup rate 1.74 Decades per min.

a4




IV, RESULTS

A. INTERACTIVE PROGRAM

Figures 10-16 are examples of the interactive program output. As
shown in Figure 10, the user is first given a description of the purpose
of the overall program and general instructions for input entry. As
shown in Figure 11, the user is then prompted to enter an initial steady
state power level, after which the corresponding major plant parameters
are displayed. The user is then prompted to choose the type of simula-
tion, either plant transient at power, or post-shutdown Xenon-135
behavior. The user must be at the Tektronix 4012 console in the computer
center if the latter is chosen.

If the post-shutdown Xenon-135 behavior is chosen to be examined,
graphs such as those shown in Figure 13 are generated and displayed on
the Tektronix's screen., In addition to showing the time response of the
Xenon, the time of its peak and associated maximum reactivity are dis-
played.

If the plant transient simulation is chosen, the user is then prompted
to choose the mechanism for initiating the transient, either control rod
movement or turbine load change. In Figure 14, the user has chosen the
former. The program then prompts the user to enter the direction and
time length of the control rod movement. In Figure 15, the turbine load
change was chosen and the program request the final turbine load. In

either case, a summary of the transient inputs is displayed with a

notice that the interactive portion is complete.




SUO}IONIISU] PUR UOLIONPOAJU] ‘weaboad dAp3oesajul  “ || dunbyg

*e<
ON °C
§ar ‘1
LINY1S 3HL J0 NOILJINIS3I 43189 ¥ LNVM NOA 04

*JONYN NIAIO 3IHL NIHLIM 3INTWA MO IDI0HD A3¥I63d
JHL 0L SANOJSINN0ID HIIHM (0AHAS INIINIJ JHL LION 1nNd “INTOJd TWHIDIT ML
ONIAGNTIINI) ¥IAHNN 3IHL ONINIINI Ad SININILVLIS ONIMOTI04 FHL YINSNY 3ISYI

*13I0KW IHL OINI d31VH04MOINI 34V NOIL

~YNINTINOD SET-NONIX ANV INNLVYIINIL HOLVYIION NI SFONVHI WOYS ONILINGIY

8173443 NOVAA3I3d ALIATLIVAN IFHL  *AV0T INIGNNL ¥O NOIXLISOd 00y 1041

—NO2 NNV NI SIONYND Ag GILVILINI ALINILIVIN HI SIONVHD OL INVTd ¥3IM04

s(¥Md) NOLIYIY ¥ILYM dIZIUNSSINY AIHITYNI ATHOIH ¢ (3MW B89) LMW IE£C ¥ 40
ISNOJSIN TYNNIHL FHL SILVINWIS HIIHM WYNO0M4 IATLIVNILINI NV SI SIHL

***GNIO3AT NOILNIIXI




T

s3ndu] 2710y) UOLIR|NWLS pue |3A3] JAMOd |BLIu] ‘weuboud dALIdRUdIU]  “2| @4nbLy

*3<
MOIAYHIA NONIX NMOTLNHS 1S0d4 °2
dIM0D 1V NJIVEA3II4 NONIX ANV INNLUMIANTL HOLVNIQOW °*F

SNOILVINKIG d3¥IS3d 3HL ¥31N3

3N 00° S %00°05 =0Y071 INIFNNL
VISd £0°b0/=34NS5ANS WYILS dILVINLYS
d Y8 vOS=3MMNIVYAAUIL HYILS J31v4NLYS
4 0S*STS=3UNAVMIANITL 13 INI ANVIDODD 30LIVIY
4 0S°*0£S=3UNLYNIAANIL 131100 LNYI00D HOLIVIY
4 00°£TS=UOLVHISHIL (NOLVMDIOW LNYWOD MOLIVIY 39vM3InY
A4 05 THZ=3MN1vNI4H3L 13aNd
END/SHOLY CT 39£°0 =NOTLYMINIINOD SET-NONIX
J38 CWI/SNOMIN3N ST 30T°'0 =XN"14 HOMININ TYHYIHL
NN OS*SIT Z00'05 =MIMOd NOLIV3IN
$1SYILINVIYY JIVLS ATVILS WILINI

*08<

SITYVINIXNY LNCVL4 MIHLO ONY SdHNd
INVI00D ¥01JvV3¥ 3HL 31VH3I40 0L AININDIY ST MIMD4 Z0T 0 HNWININ ¥ 13ION
*AIN3JY3Id *00T ANV 0T N3IIMLIFY T3INIT 4IMO0J FLVIS AMIVILS TWILINI NV MILN3I




!

WIONNTO-D V- 202MXx

202N XK

WIONNZ04D VW

ity
’.

| POST SIUTUOUN XENOW TRAMSTENT

r Y

-]
e___]_l._l_;.ll_lnllann 123 810113

-

18 eg . 3t a8 5o
TIME (HRS)
FFE-SHUTDOWN POUER = 100.00%
PLAK XEHOM TIME =  10.43 MRS
FEAK XEHOM LEVEL = 0.S53E 12 ATOMS/CM3
PEWK XENON REACTIVITY = ©.500€-01 DELTA K

Ra, .
e > " e

SHUTOOLY XENON' TRANSIENT - ) ‘

TIHE (HRS)
PRE-SHUTDOWN POUER = 10.00%.

PErX XENON TIME = .15 MRS

PERX XENOM LEVEL » @.820€ 12 ATOMS CM3
PEAK XENON REACTIVITY = ©.273K-01 DELTA K

Figure 13. Post-shutdown Xenon-135 Behavior
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Figure 16 is an example of the interactive program's logic routines

which will only permit inputs within the requested ranges to be accepted

for the simulation.
B. SIMULATION PROGRAM

The program generates Versatec plots showing the plant's power, re-
activity, and temperature transient responses for the user's inputs.
Figures 17-20 are composites of these plots.

In Figure 17, the transient was initiated by a simulated 20 to 40
percent ramp change in turbine load at 1/2 percent per second. In
Figure 18, the transient was initiated by a simulated 60 to 40 percent
change in turbine load in the same manner. Both of these figures show
the characteristic power demand following and inherent stability response
typical of a PWR plant with a constant average temperature program and
negative temperature coefficient.

The inherent stability feature is further displayed in Figures 19
and 20. In Figure 19, the transient is initiated by a simulated 10 second
inward movement of the control rods at a reactivity insertion rate of
1.25 x 10'4 d'k per second from an initial 50 percent power level. In
Figure 20, the transient response to an autward control rod movement
with the same parameters is shown. As seen in both cases, the reactor
power stabfiiizes about the initial turbine load and the average reactor
coolant temperature stabilizes at a new level to compensate, via the

negative temperature coefficient, for the reactivity inserted by the

control rods.
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to a 10 second Inward Control Rod Movement
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V. CONCLUSIONS AND RECOMMENDATIONS

The model responds to normal operating transients with the charac-
teristics of a PWR plant. The interactive program provides the user with
the facility to initiate the simulation or examine a real time display
of post-shutdown Xenon-135 buildup and decay.

As previously discussed, the purpose of this work was to develop a
learning device for nuclear engineering students at the Naval Postgrad-
uate School. The result was a relatively simple model of a PWR power
plant and a simulation program that suffers from a long execution time.

The model's simplicity resulted mainly from the consideration of
an effective single group of delayed neutron precursors in the reactor
kinetic equations and the use of lumped parameter analysis in the plant's
heat transfer processes. The model's sophistication could be increased
by:

1. Expanding the reactor kinetic equations to consider six
delayed neutron precursor groups.

2. Developing a multi-section heat transfer model for the
reactor and the heat exchanger.

3. Incorporating variable reactor coolant mass flow rate and
heat transfer coefficients.

These additional features will also increase the complexity of the
simulation program, thus aggravating the long run time problem. This
concern might be eased by taking a different approach to the model's
formulation than the transfer function method. While this method was
readily coded using the CSMP-III language, physical insight to the plant
dynamic processes was lost when the Laplace transform and subsequent

grouping of constant terms was performed. The use of state variable
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theory might not only allow this physical appreciation to be retained
but also result in shorter program run times.

Regardless of the formulation method, a real time response to the
simulation can probably only be achieved by using an analog computer.
The wide range of time constants associated with the equations (prompt

5 seconds to Xenon decay half

neutron life-times on the order of 10~
lives on the order of hours) require a small numerical integration time
interval over a large time period. The result is a prohibitively long
run time on a digital computer for an interactive program.

It is hoped that refinement of the model will be continued. While
the existing model does reflect the general characteristics of a PWR
plant to normal operating transients, it does exhibit relatively large

power over/under shoots in response to turbine load changes as seen in

Figures 17 and 18.




APPENDIX A

DEVELOPMENT OF THE XENON FEEDBACK TRANSFER FUNCTION COMPONENTS

1. Derivation of GX(S)

135 135

The previously developed rate equations for I and Xe from the
effective | e decay scheme shown in Figure 5 are:
%% = ¥ o) — ArIk) (A1)
dX ¥ X
Jo = Ix Zpd(e) + AT (e) - AxX @) = 05" Bee) X(e) (A 2)
where I(t) = ]351 number density (atoms/cm3)
X(t) = ]35Xe number density (atoms/cma)
Tf = Macroscopic fission cross section of 23°U (cm™!)
p = Average integrated one group flux (neutrons/cmzsec)
1 = efective 1351 fission yield
3x = Effective °Xe fission yield
A =135 decay constant (sec'])
Ax = 135 decay constant (sec")
<E¥ = 135Xe thermal neutron absorption cross section (sz)
et 1(t) = 1+ JI(t)
X(t) = X, + dX(t) (A 3)
p(t) = p, + ()

where the zero subscript denotes an initial steady state value and

the delta prefix denotes a small perturbation about this value.




3 With the reactor at an initial steady state with a flux level ﬂo, the

equilibrium values of 1351 and 135Xe are found by setting their time

dependence in equations (A 1) and (A 2) equal to zero. Thus,

- YI Z‘-‘ ¢o
Io - AI (A 4)
X, = Ix 2P Bo + Az Lo (A 5)
7‘X+°'a.‘do

Substituting equation (A 4) into equation (A §5)

(8X+XI) Z'pﬁﬁ (A 6)
AX + csxdo

X, =

Substituting equations (A 3), (A 4), and (A 6) into equation (A 1)
and (A 2), neglecting the d‘ga dX term (first order approximation)

j_tanr =XIZFJ'¢—AIJT (A7)
i X = A1dT + (Ix 2p - TFXK) D - (Ax +TF o) X (A 8)

Taking the Laplace transform of equations (A 7) and (A 8) and solving

for J1(S) and JX(S)

Yr 3p W s)
; JSI(s) = Sehs ‘ (A 9) |
- <X
X0 = Ard'I (9 + ($x Zf - 3 Xe) B (AT0) ;

(st Ax+03'ds)




Substituting equation (A 9) into equation (A10)
Az dr ZpSEG) + (Sea) (Y Zf - 3% Xe) SB03)

IX(s) =
(Sths) ( S+Ax+ T3%F,)

. . . &'x(8)
Expanding, collecting terms, and solving for ‘Fg(s)

XS (nZp - S+ Ar(Vr g + I BF ~o¥X) _ g g
dwﬁ) sl+ (d-axdﬂfo*M)s +Ar (%%0*“1)

This is equation (16) on page 23.

2. Derivation of ©x

The effective core neutron multiplication factor k is given by

the familiar "six factor formula" found in the literature

k =Qe7’”f PenL PriL (A1)
where /Z = Thermal fission factor of the fule
€ = Fast fission factor of the fuel
p = Resonance escape probability
f = Thermal utilization factor in the core

P

FNL Fast neutron non-leakage probability

PTNL = Thermal neutron non-leakage probability

The core reactivity is defined as

k-1
7 (A 12)

Consider a reactor at an initial critical steady state condition

135

with an equilibrium Xe concentration Xo. By the definition of

criticality




In this condition

‘Fo'.' Z: ~ g

o€ ~ ¢ . (A 14)
Za 23+ 23
where zzg's Fuel macroscopic thermal neutron absorption cross
section
%" < Initial core macroscopic thermal neutron absorption

30 cross section

E:go Initial ]35Xe macroscopic thermal neutron absorption
cross section

and the macroscopic thermal neutron absorption cross sections of the
moderator and other core materials has been neglected, a reasonable ap-

proximation in a highly enriched core.

135

Now impose a small perturbation in the Xe concentration on the

135

core. Neglecting the effect of the Xe perturbation on neutron leakage,

a reasonable assumption for a large reactor,

X = Xo + o
k = ko + d%
f=fo+ df

P=pPo+ dP = oo since f=0
The remainder of the terms in equation (A 11) are unchanged, thus

dk = Jf

and

k l-t— = =
%o %o k since ko = 1
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substituting equations (A 14) and (A 15) into equation (A 16)

dox = 1 - o +03*dX o _ovdX _ oyid'X
Z:r-c Z?e S Xot Z:
J}Ox = - 16.3“ = oy
Xa+ -:ﬁj‘u

X
This is equation (17) on page 23 . Since fuel depletion effects are

not considered during the short simulated transients, the fuel number
density U is assumed constant and ©¢x is invariant in the time and the

Laplace domains.




APPENDIX B

DEVELOPMENT OF THE REACTOR HEAT TRANSFER FUNCTIONS

The previously developed equations describing heat transfer from the

reactor to the coolant are

2 dTee) T 8
Tr(e) + 12 ¢ = Tav (&) + <r P(&) (B 1)
‘ -t
weltrz Bl I nge e Bre (8 2)
ﬂw&\=%[ﬁdd+'ﬁﬂﬂ] (B 3)

where TF(t) Average core material temperature (°F)
TAv(t)

Tho(®)

Average reactor coolant temperature (°F)

Reactor coolant outlet temperature (°F)
Tci(t) = Reactor coolant inlet temperature (°F)
P(t) = Total power generated in the core (Btu/sec)
Cp = Total thermal capacity of core materials (Btu/°F)
Cy = Total thermal capacity of coolant in the core (Btu/°F)
c = Specific heat of coolant (Btu/blm°F)
m_ = Coolant mass flow rate {1bm/sec)

m
hFM = Total heat transfer coefficient (Btu/sec®F)

and

To = muC

Cr
‘ri = _YIF—".
TZ = _Cr__

hem
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Let P(t) =p, + dP(t)
Te(t) = T+ d'T(t)
Ty(F) =Ty + dTy(0) (B 4)
Thot) = Tho_ * Ty (1)

Te, + JHbi(t)

Tci(t) io

where the lowest zero subscript denotes a steady state value and
the delta prefix a small perturbation about this value.

From substitution of equations (B 4) into equations (B 1), (B 2),

and (B 3), with the reactor in a steady state at t £ 0,
TFo = Tave + —= T"
m,(uz —) = Tro + 2 4= Tci, (8 5)
Tave = 5 ('ﬁu, + Tey,)

and

d'Pey =0
d'Te (o) = I'Tav(o) = J‘Tuo(o)= d'Te; 0 =0

Impose the perturbations at t=0. Substituting equations (B 4) and

(B 6)

(8 5) into equations (B 1), (B 2), and (B 3) with the initial conditions

given in equations (B 6),

IMe@) + T1 i I'Tete) = I Tav(e) + d'P(t) (8 7)

o Tav(t) [1+ 2=|+T2 f; [dtﬁw (t)] ITree) +2 -- o"Tc:. ) (8 8)

" Tavie) 3 %‘ [d,me (€) + OATC:‘ (t)] (8 9)
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Taking the Laplace transform of equations (B 7), (B 8), and (B 9)

with the initial conditions given by equations (B 6)

Tr(s) [ST1+ 1] = Tav(s) + %P(s) (8 10)
Tav(s) [572+|+2 %] = Te(s) + 2 % Te () (8 11)
Tavis) = & [ Twis + Teos)] (8 12)

where the delta prefix and lowest subscript have been deleted for
readability
Substituting equation (B 12) into equations (B 10) and (B 11)

Tr(sTar) =3 (h+Te) + 12 Lp (8 13)
: ) B .
-L-(TmTc)(snuHa%) = Te+2 {;Tc (B 14)

where the s domain dependence notation has been deleted for

readability.
Solving equation (B 13) for Te and substituting into equation (B 14)

T

-
F(Tu+Te) (sTa+142 %)(s'l’ui) = -:— (Tu+Te) + z P +2 -,;-.:- (sT1+ 1) T,

After expanding the products and collecting terms

Tﬂ’z 12 ‘f1 Tt % (T2 Ty _TiT: 2], T
Tuls ( 1:) +l’% = [ 1 ( +_2:1.--!~1-§)s -7.;]+ch
After multiplying through by and solving for T ( &'T, (s))

]

{r1:z51+[f- (; 1) :1] -1}a’*rccs)+xo"?(s)

J‘Tuo(s)

Tl sz+[-‘1-:;(:, u)+ |,,] s+1}
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1 o

3 where ¥ = -'—’é- ‘and all notation has been restored. L
# pl2

This is equation (26) on page 28.
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APPENDIX C

DEVELOPMENT OF THE HEAT EXCHANGER TRANSFER FUNCTIOM

The previously derived heat exchanger heat transfer equations are

2Ta (k) = THy(k) [1- K—ﬂ

Teole) = [1+K1] (c1)
;‘c_:: fj? +Ts) = ¥ [Tm(t) +Tco<t)] t v%?,. PLlt) (C 2)
where THi(t) = Heat exchanger coolant inlet (°F)
TCO(t) = Heat exchanger coolant outlet (°F)
# Ts(t) = Saturated steam pressure (PSIQ)
PL(t) = Power delivered by heat exchanger (Btu/sec)
N CS = Total thermal capacity of heat exchanger
metal and secondary water and steam (Btu/°F)
] C = Specific heat of coolant (Btu/1bm°F)
hTM = Total heat transfer coefficient (Btu/°F.sec)
hm = Coolant mass flow rate (1bm/sec)
and Ky = 2muC
htm
Let Thi(t) = Ty + JT4(t)
0
Too(t) =T+ Ty (t) (c 3)
T(t) =T+ dT(t)
PE) =B d'p (t)

where the lowest zero subscript denotes a steady state value and the

delta prefix a small perturbation about this value.




With the plant in an initial steady state at t £ 0, equations (C 1)

and (C 2) are

2Tso - THyo L1+ K1 ]

Te = - (C 4)

oo [l'l' K1]

Ts, = -’z= (THi° +Tc°°) + -':'—T; P (¢ 5)
and

O('H-o("): o (c 6)

Ty (0) = P Teolo) = o' Te(o) = ©
Impose the perturbatibns substituting equations (C 3), (C 4), and

(C 5) into equations (C 1) and (C 2)

ZJ‘TS"J?E”(:"_K’-) (¢ 7)
(1+K1)

e, =

Cs d 1
e o950 1@ = 1 [y M0 ] - RO o)

Taking the Laplace transforms of equations (C 7) and (C 8) with the
initial conditions given by equation (C 6)
1 1
F] [J’Tco(s) + oPTui (S) ] - R‘T'MGAPL(S)

d'Ts(s) =
TsS+1

where 1’5 = Cs

hm

'Teg(s) = {zd“l's(s)—-o"Tui(s) [1-K1]}/[1“‘1]

These are equations (34) and (35) on page 33.




APPENDIX D

DEVELOPMENT OF THE PRIMARY PIPING TRANSFER FUNCTIONS

1. Transport Delay Transfer Functions

The transport delay of the coolant between the outliet of the reactor

and the heat exchanger inlet plenum can be expressed as

THip(t) = THo(t-‘T‘3) (D 1)
where THi (t) = Heat exchanger inlet plenum coolant
p temperature (°F)
THo(t) = Reactor coolant outlet temperature (°F)
73 = Transport time delay (sec)

Rearranging terms and expanding equation (D 1) in a Taylor series

-
- d7 13 ’T;
THO&)"' TH;_P&.\‘I‘—I% __T;“_t.'.’.ﬂ + 'z—!‘ ..d.__thL«E)‘P. . (0 2)

For slow temperature changes, the second order and higher terms

in equation (D 2) may be ignored.

Tuyce) + 73 C—II*':';{-(&)JM (t) (D 3)
Let
T (t) = Tyy Iy, () (04)
Tholt) = THOO + J‘fHo(t)

where the Towest zero subscript denotes a steady state value and

the delta prefix a small perturbation about this value.
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From substitution of equations (D 4) into equation (D 3) and for

the temperatures in a steady state at t<0

T, =T

Hipo Ho (D 5)

and

d'Tu.-,PCt) = d'Thelt) = © (0 6)

Impose the perturbations at t=0. Substituting equations (D 4) and

(D 5) into equation (D 3) with the initial conditions given in equation

: (D 6)

J’Tﬂip(t)'i' T’s —di‘-b J‘Tuip(t) = d‘THo(t) (D 7)

Taking the Laplace transform of equation (D 7) and solving for

T 1 Iy
Pl ls) 1
I THo (3) 1+ Tas

This is equation (39) on page 36,

By following a similar development, the transport delay between a
perturbation in the heat exchanger coolant outlet temperature and the
resulting perturbation in the reactor inlet plenum coolant temperature

can be expressed by the transfer function

IRjp(s)  _ 1
dTeo(s) 1+ 745

where J'Tcip Reactor inlet plenum coolant temperature
g perturbation (°F)

d'Tco = Heat exchanger coolant outlet temperature
perturbation (°F)
74 = Transport time delay (sec)
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This is equation (40) on page

2., Mixing Delay Transfer Function

Let the reactor and heat exchanger coolant inlet plenums be represent-

ed by the control volume shown in Figure D-1.

M

"“I TO

—
[}

ITI (°F)
_ Ti Plenum inlet coolant temperature

(°F)
M
T. = Plenum outlet coolant temperature
' ° (°F)
T, m—> m = Coolant mass flow rate (1bm/sec)

Figure D-1, Mixing Yolume

Mass of coolant in plenum (1bm/sec)
Average plenum coolant temperature

If perfect mixing is assumed, the coolant outlet temperature is equal

to the average coolant temperature in the plenum. At heat balance on
the volume requires that the net heat flowing into the plenum be equal
to the increase in stored energy. Assuming no ambient heat losses, and
assuming the temperature of the plenum structural material remains

constant, the heat balance per unit time over a time interval At is

. dTk . dTo (£)
m At C [Ti(t)-To(t)] = MC -g-t—lAt = mate Sg
where C = specific heat of coolant
The resulting equation is
M dl FTol)=T d:“’:t) +Tolt) =T (&) (D 8)

‘™ 4t
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“atmpa

where T = g- = mixing time delay.
m
Let
T.(t) = T, + J'T.(¢) © 9)
T (t) = To, + T (t)

where the Towest zero subscript denotes an initial steady state value
and the delta prefix a small perturbation about this value.

Substituting equations (D 8) into equation (D 9)

7 :jlt I Tok) + dTok) = T (010)

Taking the Laplace transform of equation (D10)and solving for
I/ d,

quo(s) 1
WET“TPT;‘

This is equation (41) on page 37.
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APPENDIX E
INTERACTIVE PROGRAM LISTING

[elolelolalelelulololdolalsleldololglalalslglolelalololalgdolalolelslolololelelwelalol o]
—AMENONC O NN TN O OO =N EFN OO AI=ANS N0 OO N~
OO OO QM Q) ol el vl gl ot v gt vt gt ot O N O A N NI VA VN A YOO N AN O SO DIND
[olalolelglolaladelelelalsldolalelelslolalolololololelv]alolalslaleolslololololaf JoTalo el
[elelelelalelalalelalolalalolelolalolalelglolalelelololadelololalslolalolalelolefelal e ol <]
A LI A AT LI LT TS L A S LT LI LTI LML T I T AT I LT LG AL TSI
FPOPIPILIPIPP2PZTTIITIIVDETIZOIIIIZIOPEITEIIPTETZITIZTIZ2?
S P Gt Gt (i Gt - Gt $5 | (et ot g, P G | st et et B G | e B ot e § Gt B ¢ Bt St Gt PAY ot Gl et (et - ¢ Pmed 1 Qe (ot G- PG (g - (e Panag Bt
”»

o) =~
~

AT 3 M S
149951,53,32,65984,79,77,83,

5

3

A tNwm
a0 @
(1] [ 2 1]
WS NN
-l D 2
=2 e N
Omem@ Frmd
O e () b F P OO e ¥
Wwed 2 o _3
(L4 " o oty
wuwna g g
—TZOdk- [t
L dXLAIIRVOS

X{3020),TIME(3002),TIMEH(3D0))),LABL(29)},LAB2(21),

R S )
' 41 /

H

(

E

M
973977+69932+40,972,82,83

1

-
[+ <]

~ it
<)
-

-0 00 Mo M:\WO

- »

o -
T o Ww
Ny

bt * 1 z

(]9} o

=~ -

~

—ZZ >
=00 -
O i cuw
U -ti
N (7]
i pe >Z
NNV wa v - L
%] e (BT 7. 4
OV~ Wed b=

NN O N

SOOI =N L S-%
O Xxlm T«
2O W - cO
73] = Tl I T
EZZe 2o )
Crh 000000 <l
QA et S ZNUL'E D>
o O b Pt WIS Wb (Y e
- M\ TU—-
Neiwilt, wwemiryv TOL
w>nllAOU - =W
Nh=t N M~ T WU
e LIOCY  F-O10OW
WANOQ et IO Z S Wom
e Ze Q. Wil U
wWwa. Qo —ilivik- W
T OO0Or > ZVNN0 IO
g VA >>OZuv-u0
XwnOOZ MIaOwn
N0 IOZ LF W=
ADX ONEO juo ]
T Yt (D U et €t D b b 1Y B
=" F A NN HIILZTZOmM
Z7F (NS -
<t [T LI Yo TIPSR L - 4
LSNNME UL OSOMck
ammea W n Mowz>
aNAL WD ILMNOOL W
D1 SO Wl
ZEEIDmib-tm | oy X )
=D | O-W 00 -
Xt ZUILIZZ— =T UL
O O LT WL
Nar S T U T ST
Do o L L UL Y
Eﬁ:‘) UL & NL)

uw

N L 2 e X D

— dddddIadTF
AT TS OO

L ELILTILILY & 3 o dwt 2 8
Ottt el S T f A -
—DNVNAIO JJITOT
Py

z

=t

5/4LAMDAX/2.)31TE~-5/,MD0TM/6280./,L0ADT],

@©

-y

R )
NNANIW O
MY OYaA
-t 11N A

AMIAT /2,875

K

™. -t
e« 10N N HaN o
(S -t
T el XX
QO dadaant i
i lala) & % 322
CINOOVET IS
W Nttt g L <L Q.
& SDNNNOOOLT
-

W LWL LU L LLLLLLLLOLLOLLLL

N

PRIGRAM INTRODUCTIODN
595030)

PRINT
WRITE(

PIWER LEVEL (PHWRD)

TEADY STAT

LU VL™




[elolalelololelolalelalelolqlelelololgleldololalslolalslalololdololglol ol elol ol ol ol =l o

AN PN O~ PO TN BDOOO~NMNME N OO =N ITN OO
OOVO VOO OO VOt -t ftes DL VDD REOR OO OTROP OO
000000000 AOOOO0ODOCARCOCOOOCC OO QOCOO mirmim mi
[elolal=lelol=lelolalelelelololelolslolalelalololwolelale o lololslololol «ToYala ] =l of )
C AT I AL LA A I AL A A I L AT T LI I e d IS I d T A T <L <

FIEIFPZPIPIPTIFIIDIFIII>IOZ>

) GO 7] 20

o~ Wo
ol -4 S =

ax v
Wl RO
ons

O

(G168

(8 ]

MITIAL DATA FILE

Y
R3

[

- -
(8} -l
w U~
17, ] -
78]
~N wet
x oD
(&) - D
-~ U = jpa
(%] - Lol
> -l orily
Qe W -l Q.
M & W QX
o DT D xWTFW
vV WO - Daxlle
L Zw D
W witNemX g -
e Fwvil oIl
Ww 40 a Weeu o
Z Wr-aX oWk
g >gar-uw TOoZD
X UWegr WI~C
< O W [ ogd 1]
o ZC— -
MO - 27
Ww Do o Uil~d<one
b= b= tem MM 21 e

bt VOO N -
NEBEZ >0 CwmocOwia u

tu O~ o
>wX U= XD MY
O OV DZZ00 U
YDAl —d A~ X
WL OQWO J <X DA0
[ ARG A (- dglegl- 4. 4TIV T- &=
wn wu:Iouw e o™
aAaANNraAaLUZZTW 0
4 T ¥ UMV, 4
QX OV b WV (DN =0 LU
ey | 1 AA-00 Zz>
b (D PP T F I g
) QO AL AIND
ZalUZZUNW g it ool
U WD D WU e b= =T D
wc:r\xxdu. LY NNUNY b=
Ll cded e dd e d bl =)
et CC - £-¢-CE-¢-¢ & 2
T 0t Gt Bt 54 unnt Bt G (908 Bt (et Bt G B . et
[ g ] Y SEYNY A Y S Y N Y S W S
) St Gt Gt oot St
AP T ITTEFPIFTITIIZZ>
) 9t 4ot Bt om0t Gt st et 9t Gt Pt g Pt
U

] =
-0 O 0o
dMX MO OO [aTa]
7. 4w BN el - daligl Il TaYulml &
MMBVIATTFUL TOTOHNOIO
[ST-NTR 7. 4™ S o S Y e - W e |
-l

L4
(&)

o
LONOLOLLLLVLLLLLVLLLVLLLVL

J235%5IGMAF%FLIX] / (LAMODAX+SIGMAX*FLUXO)

[T

[

o

% -

-t

Ll 3l

-t

-t

ot O\

¥ °

+$0O

LN

ot a—

-ty

* oy

Yot

M~

-

acoe (S )

- 3- 4,4 <

T L]

Mm% aan T e
v - b—— o
—EX %8 Tt O
Mo« N - .

¢ ¥ M F |-
NE T gt O h &

L -} e 0o 0 € Yot I
AN ™ L I ]
- +* | Tea O
Oé= + —OwOd

Uit o MO twwer O
X FOwaOwmAOQY =TJ
ONFENXEYTOUErAQA
SNE =% X
"ouen = ewriil Y
-l huthuen
zM ] " oo
(o) d Nallglelelal] [ala]
oD xOMm—=C OCad
T AOTUTITOTITO=NNOC
AU bbb X Q Jed

g et G+ Gumng (0 Gt et e B+ e Pt Qs (= s Gt Gt (ot B

» TMRND, THOND, TCIOD, TSO,PSI,LOADD




OCOOMOOCOOOOOCOOAOCCOOOCOCACHOCOCCOCONCOOOCOONON
AP0 N RO —~ANMNPFNOOMO NS INO =T O NN FN NP D POt (N TN - O T N O i\
OOCC OO O retrmi pul st gond poed ot md guui vt N KN IO NN AN O O AM OO N F 3 T NN
b gt et gt el vk o g sl ot gt e gl el gt Gl 77l e gt gl e e gl g P g e et gl el g el 950 g el g =] P 4 ) gl P2l gt O et S g e
QOO0 COCOOOAOCOOOCOOOOOCCOCOCOOOOOCOOCOHCOCCOC OO
a9 d e A A AL LI LA I A A ST L L LIS A A AL O LA LG (T L L LSS S LT
POV ITEZITIOTEIIIITPTITIPIT I T I TV IVIIPIDITOTZIIZIFTZS

o) Qprt, Gt Pt ey it S ot g Bt P S ot e i Ll 1 g

Dmag P o Pt o Gt B g 91 Pt Parmt s B s St Bt Pt ot Qo

-y
- b 3
3 -
[ I
I (%]
(7] (=]
[ -
-
[,
- (=] 4
> L 4 W
J ¥
> [m] w
W - >
> c
X (] c - 3
w -1 < >
— Q [-'4
> 4 > [a] [ [ od
o « o o o >
f— T - o . w
> (] > [} I |
w us (7] -4 -y L] L-3
-2 (o] — (. 4 —
L4 3 o oz [ «r
[=] — w Q | - oww w z Q o
w « (L) w . Z o -l o w
o (=} -4 . 4 o o o oX — (%) o -
uw « w 5} (& [VE I g W W (]
- - T - - —Fda L4 b— w
> (=] ] (8] 4 (B b4 > -« = > Ow
w oW w (all)} > wr - o w ne
> o p -ty < Vi < [ ] w o
~™ - Oy - o O\ ~ (2] S m < M
~— - -0 — [l a ] =] - u [ >
— -4 (%] > L Ny w < oy — o o O e
-« ~ o> — [~ = - [w] lalald L-¢ O m
- =D - o et 2 [d z (L17%
D - w [ o - Fao [ (] - O Cm
x L O=u L4 [ ] NITH (&) O > - - [S RN LE N
- Xul " Ce W o WO M w [TY ] ZF - 73] wo
UV Wewves N O & W Lo ¢« O v T o e L oL e~
Eoo~ WO T Lx~0wo L - AL TS I W ¥ L= -0
o vVaw LN - VI Ow WwonN I Mol V) & e OOF ed )= o
U IRtV @ FT O = T W o (] =F = T U CICVOWN
~ ST A e - & T [ _— b P ™ A WV PTT i T
- D ¢ VAU reen - AT 4l TN TS Ll V[ W I,V S o - —tNnCY .
NN SV Zewl\ P A CIUI DT ) 2 Now (LYY =0 i O~ LV ]
WwoOOouU -uIn 200 U wl WoOO W o = IO TOO WX ¢+T 2+

OO X ¢ Z-HICT OO #i1X eI OO0 = OOV NO
DO - aZr 0o - ZZrr e T Tt e Vel [T - 4. 4 g
W oL Gttt gt W el WU e W el UWipm e W atn  WertNQ B
Z0 oZ+2Z oad0 ZO0e ZmZ ood IO+ ZIFWO xet ZO » x
iA=L BN el et TN VLD el N T = e st 2 N

T
0
0
1
1
!
1
1

T wT N T w T ihem b wr S et w F e E e
L4 N . 4 . vl [- 4 (I m v ooC VW oruw T w
W= QLI w0t W0 W OFC Wwo X" - WO Wi
—— - <l =2 donel - Lot el =T
Wor i < wioruy L <t Wold uiw e Wwotld wunl
Oy rtwm Oy Qv XXy D _2 CX Crerm
[Ta} (=] n o "
LN O (8] LLUM VL (8 VLM LL O LOUITLOE VL (8}

73




[e]elelelelololalalolelolrlolelolalolelolololdolalolelalalolelolalolelolololololalal ol alelTa)
AP O DO PN OPDRONMMFIN OO SN OO O=NMNEN O OO
DA NVUN O O OV OO OB OO Mo Pt P oo pu - DD ODODODDDOORCT AR OCO
ot gl ooinl g 9ol g g el g gl ool ] gt o] grend W g ol ol gl gunt g e S o) gt P g e gl 9t ) ol gt et g gl 5t ) el e o e gyt et O\
(el A =lolelalelolalelolalelolole/ olalelalelslelelololelalolvlelolalelolelelolololeloolalolot, ]
FPE L CL OO LEdd - Lo tf et o088l & -&-&-¢-4
ZZF2EPTTITIZIPPIZTZIZTTZZEITZIDOZZIZIFPZIZ>

FZIFITITZFFT”

s ot
Lol p— o > { )

S
(o]
[+ 4
[
-4
(=)
(]
p4
- <
- «
- s «
2 -4
(o] — w
J o
- -
-— m
p b b 4 . |
- - -t —
- [l o of W
> > Q v
— - < Q <
- - o ~ | o
(] (W] - L- 4
« L. Z (=]
Ww w w <
(. 4 ~ > (] -
— - L4
w us ® 'R —
> > -4 us | o
p— — {985 » w oL [ med
- - - - -l — z
— L. ¢ -t -t a -
[72) (3] 'S ) w
o w < (o] w -
a -4 L4 Ll -4 x T W
- - - < - =)
- - « g b4 <
~ o ~ o a - ~ ]
us w -t -2 -
(74} vy - | P | (] -
> g < ] L ¢ ™ -
) [ — [ [7, ) — o
— [=] - - b <
(o] o Lond < - -~ [72] o
| [ 2 C Zu oY J
o) [l =] T Vot bt w
< < X L4 - oI W o
o o own W (g w] (L} Zvn 2 «
— — —_—r > [ | o S = O
- - — " o s
(S ] (8] Fm o 1" o~ o e
w w -0 L0 O —0 Dh-ew
-4 o IO 2 «<«O Wik ToOoO OO
— - VO FLa OO T2 oo o0
O Om Ot ) et -t e et OO
-4 ] LI o | ) IFEO o o o on
¥ OX e o e=tO W O et ZO o
O Wer FH Weaet LIS K Wierws il
b xr uw [ ] (oo JEE B 1SS U w
NTONT VIN L VWO LIX wvuw w
e T o 2+ mF Z-- Q0
T =T Ao g Lo QX (oo Lemeal
WCWV X WO ooa0 Wwowvwv oorer Werld
VNOLVNA =E VI 2O VZFOD 23T o3X

75

) G3 TO

100.

(1. 4
thth—

O ol

w
4T -
wo-
a<d
Zeo

« O
- oy
g0
aZot

-
o Z
W e
o e
xOu
ot O o
[ (=]
>
—_tNy

i o »
- O0o
U Z

Z<—wo
=t ) 2 o e
T oty

o oav0
Wewa XEO

(=T

o T2 Q [T o
VLN VNVLLVVLL LV LLLUY LV QO VL O

74

St Dt ot 5 g B et et Gt B4 g

OADF

LIADF TO INITIAL DATA FILE
1000) L

O
[ ]
Wl et
w
WO
g ad o

<yt
[+ 4: 4]
-20

SHUTDOWN

AT TIME OF
UXO0 7/ LAMDAT1L
L/MIN(

[Ty}
a0
- -
1
W x
Zu <«
Lok - (=]
oy
NI o o
——_lO0
VI O
I O
DA ZH %
- S

-y

Xy =X
O <
—ag a0
i alab & 3
- Tdg
DeC I
g J
Wisee B W
L Lo
WF L
U FTwaa
rohasa»00
NP IOZTS
- Od«a
O O

NT ALGORITHM

TDOWN XENON TRANSI

3] (=]
LV LLDVOL O

e




000000000 CCOOOCOOCCOOCOOCOOOOOOO0NLOAOCOOCOOOOOOS
P i N PN OB RO ANNF OO DO O NP NO =D OO = AN SN OO O NN PO~
P OOOOOOQ OO rtrmi st 7 gmt ool st pued sl emd U NN NN NI NI OO N YN P P F P
w4 NN NN OO O NN N A N N N N O O N N OO N AU N N NN NI N N N NN o
[elelel-lolaloldaloleoclolalololelolalglodololol o lololel slalaloTaleTol=1r ool o lalol Tt T ol o]
ddddddd d I A A AI M I AT A AT AL I LI I T AT (O LT LI IILA
772777727277227272777222722777772727227777777272

ot L a1 o Dt Gt Gt Pt St Gt G-t et Pt g Pt Gt SIS e Gund Pt ent Gt ot Pt Pt Pt P g P15t Bt Gt (et Qs (ot Pt Pt Gy PRI g Gt (Ut ug

-
-
-
~r v
z w <[
o T u:
(=] — [- % -—
> [ b d
< * -4 «
o - (o] =
- < z [
> [=) w *
w b2 > —
(8] L4 > «
b4 - Z ] (=]
[w] ] = — -2
[®] - o — m~»g Do -
xa. o] g X - b3
[Ty} - af X o . @ =) -t I
2] Eg=1"Y > (wl =~ Ow > -
ot [ 3 o =N Z Fao "D -
[} -t | (%] - [TYE - ¢4 =t o
z w_ g LI W (817, (o]
o b - X Z 2<! ™ <<% (L) - -
> Gt Pt g w W - MS e | % [E1{"y} N -l o~
s Yt (] -~ O o -3 - @
b4 L Yol Qe NN * Qs ~N «f L4
MELLIV ¢ » X ZXE XX Z. (7] ] -
VI A ILTxO ad A Cdaddg O # (8] - -
D ~NOdmTmom C X SCIER 4T —t— 2
O | FwkCONXNT X W e wNa T 10 -
W rawsdTe mmdaN\w Ml = O X o a ol o~
L w JOX k# 0 oD - O X X - < - AP O
< | = Ow W Tl OX | =~gg Ywd & O «OxO -
Tdw OFUWUNES |l Odw OF I\ O PO QO et ~N
Z—Oﬁo #$F IR WS 3 oI LI- S 4 e T sl olNM=_1 » L
& edX AW TN AN X o Nag® - e e oll!TUN - e wn -
bﬂ&mmgrh&bfn-sﬁo Whems ) - -t O CONTFmannOnn (=]
< |- PR U8 wox o N OOM = (O P oo P
zou4a~pu~mao+~\mz*o~~ Tl [V o T PN TSR S T S Y e L Lo
‘) Fa. MrtwF XMP FTOAX —-NE s o () e v 3 L) Y U0 _SU e e
o o X g o<t Oax<a O I1X X b 3= ¥ T - O - Y Ok
Ulrdb= X e b= 1 Wl _Joi T F il !5 _ JWF OM oll} - T IO SO Ty L -
=N Ww = - XOXOnlt 2 =i UO - D D> A=W 2
ST LT ) G NN - =4 PO OT A . L ATVOOOT ICINN—
- X ZErX Wnx_» Honn XX NN OCZVNNLOZOT > X >
DUVt e=t O VD ot e O od I =T M Degel b=
LQOF XX XOP XWX NI OIX KK XMOTE T Ndad bddt S I N el
-l g4 Jdd]dS L2000 O d e e e b d ) d e S d Y
a0 WEFTTITTFTFTUATEISITIOITYT S _UT UWmiNAdId IS a TSI I LI
(8= OFrE O XXX OX O P ) JOVVVLULLVLLLVLLL
(=]

\n o
(8] [S- 18} (81} * o~ LU

75




[olelolalelelelelalolelslald aloleolqoleololololaolelololalelelalalalaloclal alelelolalslale) «]
CTRO=NATNONDVOO AN TNODRO~NANOCRO~ANTNOOTO~NMNT O
T NN O VOV VOV OO O OO PPl e e e OO T VDRV RO
AN NN NI NI N AT NN N O AN NN A NSO NI NN N NN NN A N
(elalolalelolalalelaololololelololelololelalololuloldololalelofolololelalelololelololola o)
dgddd d I VNA LA I AL AT AL AL AT I (LI LI T AL LI LTI LI I
PIPTIITFIIIZIFITIPTZIZTTZZOIITIIEIOZPTZIIZITIZIZIZIIZ>OZ

s Pt

o 0 g (ot Pt md Gt rn) Gt ) 5 § Qg $0 g Guue ¢ Bt G Bt Buad Bt Pised Gt et Qs Pl Grume ot G Pt Bruat Pt ot et

Q woexZ UL e Zak OZ S~ T+ o> o™~
(&) > i NN We U= =T o= RSy,
z g LT ZmZ *WOW WTad a0 v e OZ> o awn
< A re T T T O WO e .
X Dt e | W WA Wik EOX b= e O
- < Tannnig I wa D wnZ =L X0 O
b4 -2 —ZUO0D =0 o MT v deme—ma OW
o (L] NWOAN-W = VW TV ZT0WWe Tw ~0
— c Z WwZXRe ST of [ XV, Y. 2 17,
- [ 4 TO>ICOXW s - — -2 ¥ = OWw
< Q QIO VZNON>a Wy VAZw QD Z-
o =T OXe Zd oe2ZNintl - g aTO0 g«
[ < o ONLIZIO =0 ICUNE [-'3
- o E=OINOWOO o« OZ  » - =0 .
w — IO e+ NZ2ne @ada X W YempOde OO
(&) [ b e Daeiy oy e OUWZ> WCN il
-4 < o o= NAOWWOXUUIENY o Z2Z2CmadNs >
(o] - T e _ D BOIO0A o T —- v
(&) - OUlde ()1 A IO Za, ~S s T QAOZ¥ WL
x O eiZ LU D =X LVKLIWNON W
> Land CTFANULO Z xuld ol D2Cuik O e 32«
w 7] o ML Z oeeT =D Ze b O N
b R e WL 2 g O = = X X e WUk
- w Wwoaw K T e m LU oZw [ o] -9
- X DwIRIZY NaxI>unD e 3> WO Wd-
v [ - OPLO MU T G =NV sNZ Qo -~
w o —OOgTe @ Ode Al e w. e ) gD N
T w - (G J Ma! e O - O e | Pt e ML) -
b > — dCFe VA U7 lildme FMA OIXTC oM _K)Y o
ww [a] o tZMWIWZAT X o =a WV » 0O o
e x TOC Owm Wt S\IU XD O+ = o OO 1 w
Z2 o<t W = +OUDOWT NG » - NZ2Ze O Za
g X 0O «>D ZNe T >Z - Od o) oD o 00T od W
o < Wo - eZd A e W To JOMXNI—t Dot =
x I ae W oy = 0 L) TAWZ ox w=W ~ o0 xdxx Z
W I Zx Z o =UTOMEd si) =OWY ee W D w
z = Wew Wit TULENDARZZmi-0_0 Nd mZTIWNYEr =2
O x T OO UWsT =T Z) Wa ZSed o b 0O «
a « 2n 2« V) wOFRUOoL Z O OO =IO 4O Jdé= =
¥ g~ We e PO e 11V Wi ) (11 oy e bt T
[ T « Wwuw eVt DT - unty Ut WeeQd MU= g O
2 - VE @ MNOTWE=0 17 T TATIWL T et
—r ot = =y U dg «O - b NO g e 1.F
[SIVEL: ¢ >T W Te -0 W> e z o CW e a O
b4 U D FuLE>UuCli>T o 0 XN o LZ2VYraxdZa> W
W - —p— LN NUO T X e iUl=g W W tuw Cu o
-4 ) > e Tw 20 —UWea U W O a0 o
oC [} vy 0 0O QW ZWy IZIX Zogl +=-0Z>rZa O
Z wll Fxx o axw OOr-Cuwwo w WkWNa suawd O
2xXX OX =T N o TOAZFZFTL W Qe 2ZF ot =W 9 2
Qera g0 MU o likad@ Ul e WT o e o Mee OMe Ve [

oy 1 O = [ L - dal TS Y W A ) S N> e
— o= v T w W M=OUTMT m™ PN AT PN W
200 Pl el - “Lony omemt ] e ) T LON Sle NN Y SN | N N
Xco 4O o NNNADZ V=g WOFMNEDPNZNTU) Swd>N0

e o oFlUrmllil] = o0 +OCW DA o *NINT o b 2>
DMe o' ZOUWNUle it rie T o 0o -ONOe e
O U= m>x Fo Wwed <ol - et D>

",'l

e DO ZO D o i Ule THFOALO e DA Ce Do o mibo 1o o »

O D ot AN D weww ™ T FPONZ(Mrawril) w e Ve FwN\ w
[ ] i T b NDDDATAO U T A Z TNl O -
=W =W e W o LUV~ O Nd IS0 Ao 9iieiN DL LT ® <t
ZOF ZF b= e ZTEITITW FTeiOa F - XFTu.ZT ¢T3 ZTFe WS e T
—t €L gt et - Zee F XU OJ e @O DWW~ E cxXx oo
WO oo OWX € OO0 040 JX «O~0Od0 XOWNOD>= OCX CuLwWe
QXY A ZUVE O Whliu W Le Or Nk W WL W slOd>»ULNWLOWVWL
A AAAAARAARE AP AA A ARV PAA A

[ ]ele) o~ <y 3 n N] ~ (=]

(=] o 000 o o o O [ =] o o

o o [« =] o [=] o O (=] o ~N

(S]] QOUNVOLL LMO=NY ] O L o 0 O 0

76




OCOOCOONOOCCOONCOCOn
ORO~NAOTINONORCO=NMNEN O
PPTOOOQCOOQO Q) reird ol it gt omst i
ANANNO O M NN O NNMNO OO0
[wlelelolelglelolololalolololelalw alol o
dIdd I IS dC I I I L
PEPILITTTITITIIFTIFIEIZFI”

—— (] el 1 T T Y T
-4 WO O = ¢« LTO O
M O=—U el - <Lemed M
Qe X2 oD e ZM WITM o=~
ghe e OF XLV O
NN NG¥ Z0 e P-4
C NQJUVs WS el 20
FOSOde » XN XXZ e
VWEOVIDD =N T Y Y Y
g - ChHX»*» ¥0O .o 2
Ue ey <AV b= NI U
al O s uUg -eD W
® e =W o Q. oo DI
*D oA o s e ) Tw
MdNI X N oo NW,) ==
Nl wowuwd XM aVa wvng
s PxCH a Co W Z o
WZW VW e 0D =N e LWL

o) alld = od

el o I

o e DN - se FAle =T
i NdO o o) eo el o> 8]
NDOZar-Z0Z - xZOxX OF
EWOWOMILI ) LWL =)
WZr=Dq of o FOo e Z>
- dli-e @ ~ ded ® N =)
Waoide xZ N 2 NUWWW  »

TIX a» W DO e cT
IS -X o_lve VW 2 = WO
X MmM™ o W e «f 1.2 o
<1l eV X e +oTF> War
ATOUON s ® U)oy =D

—F e oY =

C e =2 ZZ

We Ce XS HZ®@>» 0 Wil
- sie Ca » T o ) I
<> Ui-Te X trem)] 2
=N e LVwE W e>T w
N oM s it Y wa) o WO
W\ sl VY CS e 2 DO
> el NEFA AW L e
OeZO e o A > XD W~
GO B sllle Te 1IN De
T2 ol o X oY o8 I >
—FlWe NN OXD> it Tw
3 XiHe - ¢ OO es_1 ot -
e WHNNCL tFmirde w UVe
—d e erll! il D e d¢ -2
ANXKDILe b= &« Tude= » Du!
- N\ S WV ellre = aw

0 st ol
mllwodSes W
Z o *UX o
e A UWNS™

)T A NN
e oWNF Le wn

lo X2 oN =&
Wyv: ™ e m=Z
YxZ *0 w
ATe OU o 11
- T el » -m
e i eo =™

®e N=LWIW ol X oXN\e P72

~8e = oxXa TN N RN ag
*e N4 e NN * o ol o T
o oFlieell ¢ me ODde 2 e

NODXWSNF o

ww o T

o U Do eSilie olle W %o
wiINe ke (LU Twe o w0 T e
UE e  e=MUOU T

00
OXDINOLNWNOT *COONoa-2
Uil XX o~ el os™mlL b~

ARAPAPADN AP AP A

o -4
o (=]
< L 4
0 0

6500

W

77

e e




ST T TR e e TR TR T R BT T R R T T

APPENDIX F
SIMULATION PROGRAM LISTING

4

SMC1639', TIME=90

835,1077,4783) y*HEATHyGeGa

ot ol g gt
@ OxXxeZ
(=76 Ly Y- V. W
=ik NI
QX A=Y
U~V
A =0 o o
o WX
MmN NN

A AL I SI IR X R X

XS XX R 2L XX/

L4 v
[+ 4. 4 w
[w]TTT o
X2 g

WL, b — U

IO
D=t -_jet))
Y A D B
TW =W
e LU 7 =Ll
WD N S
IF O OO
qdFNIX e
gy Zao

[l o (7,1
A2 Omenn
AL e T v

TR KRR R R AR b K Kok Kk K R R Ak Kok ko Rk ki ko i ko K K
R
0
E
D
D
R R R R R R KR K R R R & R AR K KRR koK ook koK ok ok Rk Rk R K

%AG.CFLASI'CFLAGZ.CFLAG3,CFLAGQ:THFLAG,TFLAG,SFLAGI|SFLAGZ

F
T1,T72

O e

78

*

REACTOR COOLANT TEMPERATURE

AVERAGE

THE

(0]
Zuw
[ (=]
b 47, ]
O vt
- -
e X
oW o«
Wwvy ofe= u.
| o (8554 =0
0oZ wu o
[- 4V - § < |
[~ W - o] SN
=z nk- <+0
-4 a2 zZ
Own Ow wu
0 e x O0
Ot oo B o
L A -0
wu oo ZaZvr
o [ dw) Co g
W [=ITV). e} o
W 2 -0
ITw CJ —F W
- oM CWoZ
[ [ 4 7 DX
~ TR, ~ "
L OV e db=
UeMree OO Worus
—FyS ¥l
-ZF.A0 T u-=Qa
VoA - adDX0
X O0OD oW
QO O = -
Zr-0o>wzZ D= =~
SILZIWANM (YT AT
ODZZ2Z < <ty
el el WATFT
O tl Yy =M
2w W™ aMO>
T YU wOITM
b YD) b2
~r = U 4t O G.Elu
v w Wt D OC
ONTWWa (H-t-mCe”
AT vV d
AT et T A<
WO OW = WD W
Wity OV OOoOW
(LY, 4w TVITYS o -4

ZO e e TP b ()

—_ A v NNy Py

AN Y Ot it T O

O A0UVNITI-HON

- Z

-t

OO TN =

bL2ICECOVdOO0
— et LS ST T T

W2 e 10 M s

TOOOWUL LWL Tu uw

O WUV OOVOVOVF =WV
@

O

oo

uws o

N

TR E R R XL ERE R RER X




SFER FUNCTION COEFFICEINTS:

¢ Yo >

wiN (SO N -
NE == o W

Q=0 [P 8y 4 -
Weas(NT ~Ww F W

o X e D o
20wl _-t _JO
A W S OE NUWew
Wivet Z 3 il e p 17,118
Ci-ZQ ON > N\
- O g UDIXY ODy
b4 o~ Wrtp e N Ol b=l
wlOmlWNi—O N o0 [ 17, }
S WO QWL w2 e
- W dnune a0 - D=
wd
w

/SEr)

ZNNENYY L WO O

o, O WV =AU HZMOW -

AU w~Z NN - (N TUlwtNm)

OV OO0 WLWZ o SN\OLWw

M Z - - OO0 COTUV
Z) ~OZr 2O T OmZO0Nw o=
oW lUAZxXO0 =~ gp-<d [IMTERSL g [
—ZZ pdUu Z=WnZ e > W
=t O NN ZO00FFdd WO d>d
VOZAZNZA0MAIV AT FTOWTL 2 N~
L om o CHAN I (I Z 4t O b=t o (11O € () b o (W (O UL b= QUL o
-t O WU I MNA y WiICIWW I . <O
u O 1YV =SSN TrHINnO W
SN Lk % @S Dui"” Wien
FraXOMd > gLVl Ll LORUT o
- O CLOa> A TOOODLW OFTm W
e NWX O OCNILOVO UL = ot Z O St b b=
NZEPJd 3 Ot Zworde 33 L il g
W DWWD QWA AOW b= p—anreplll . g, 4
F O Wt O L Ot ot e 1t et 2= (D ) e NN T I LU
o WZSWWDWUWOIOAOZOVONW Z2nN0_ 40w
-l A D XNNO W LT IVNA LI ("
NUWOZZak= O0VLTaolGdwNIxELw W2
IR e IR S T LV, TTR TR £~ - ¢ 181 o i
OF S ZWiVOOVOOWDVVOVN T =T
O VNNOUL WL ey MO M7 =22t

ZO Nl FEXOOE 1) o der IS _)
- ecu.sv---u—mu.d et It _JSW LA E D
20O wWoNnNNIWOSE ST o O-TOO0OO D
gD wn ogme yOoooure OO0VZO
AN W HWILEZ AW = NN UL U PO O W
AIZD>DDS ~MZ) M- TITw L4 (L]
E e | HOS T miag d- - O -wiaus
DWWy | OO ) O ooMmMowa Z
ZriQ NI P A T e 2
e UGS MY T PA T Tt Y O NUED
2IOLU UL NPT 2SS T U SN2 v
Coawilu LWOW Sy XuwimO OO0 LwWSs\WeOnZD
-d DO WWWO et X DD DX O = - N N T O+t

TOMS/CM3)

1
(=]
w 3 e U
d dGCILTASIIT z a
TN TOETSTOMNO T TS T — N Ner

NA Y TEFTETHOMNAT ITFSsOOMHNO
N LTSS ST VNt AU T AL -Odad
ADICOVO I A NFNNNIX DIV OT I T =t

ESTAB

[ Z R L EEZE RS R RIS RS R R RS R R Y RS Y K

79

”»
[+ 0] [}
-t
] [} [
13]
O - [{e]
N [] [
0 m D
v et "
o F e
- 3 I
n < | ¥F
¢ o I
< e -0
"IT e .
s LOOVM M »
LI ] [
¢ LV eMm O
. o =D F o
N ol SO
. ¥ T
ellinin emna v
oM | () o.M

Nyt e et oy
o e O o
FOOF + AN oy
1O oMUY o
W sONMQ@ It i~ »
CONNMENOCO
o H XL sl=N SN
XTI 1O o
rrdOT O oI~
HEZTONT it I
AT <Lt ) SNV
—et M) e T M
nien PN
o o 0O it _th—

ol FO N o
o0 | NOWNO & »
oL JTUN TN TR NTY 4
O e |
O~ o X b= oUW
WOOMNMUTI o fin
Mo oON & NN
OONM o o~ ¢ o
on H 1 ed o\ ud
Vst OO N 0
oSSl | LT
NS0T I OT—
MFTONEDAT

CONSTANT
PARAMETER

ey




PLANT PARAMETERS:

TM * CPM/HIM

[ 2 s
St F U T NP
F LLLL
Wy L4
o niued
L ¢
WIS et ANA
[t % You Jup Ly |
L - -0 & O]
PETLI o ot o3 4

CALCU

»

*

a k=i
-
170~ g Vo)
[T
>
ono
W«
[SITF]IV]
Ocxer
- 4
[- %

ROD MOVEMENT (TSHIM)

H OF BANK CONTROL

OF BANK ZONTROL ROD MOVEMENT (DSHIM)

L TIRBIN® LDA) (LOADF) (%)
LIADF

-3
g =]
[l ]
uow
wev
Ww edD
TBnoO
il

QQS
gL X
wwa
xx o

<

w

* O R RE R*

fua) -—

- s —Ly

o L~

-~ [

V) et w

X\ U o

ow x>

b 3¢~ o} 2

LNl = o

lew Xl o= O

N> -l U

gl o

Nl QF -

TNADWET L N

QZUW= S - <
o WO D —~—
VN NOXIh = W\
@« > WUl i
U Cod>allcud [« a2
- olWpZauwd Wb
W O aAZY wl
2 SIE>S>FWE~C D w
< WDDe =W v
LemZZ b P~ Q
gy O Z2Z LD
AU NgaWph-ard WD
AL S .t Oeen b
WS Nt O b= 1M S Ul
=1 ODZA0 >
U 7u.un--uu !—n.
- OO
Vw22 c(P-l—do!NIz_.l

OU=0ZZ00Cwadar

Dl N W= L <L WIS~
OW Z()dJIdIO=—0
czDI—anf“dac«wmnr
WO OWOOUIeM
F—Q.ZHUJMUtJ?Z_JOD!—
w - winy wat
o W LIS 7 D DIUE~ b= L)
P L VA - Taad o] Taaz
P-4 I VIR SR B T s )
Qo OxOLLIOD Do
<<y OWS WX oy
LT DWW
Zor-Uing oy NNk NN

Lol (2}

- e )
LE- L. Q-2 - ¢ C-¢-2-¢-¢" ]
@ et 5t 04 2 et 0 Bt et Bt St ot g et
Pt e Jom o £ e e e B bt e e o e
TR ot 0t 000t T et Bt -t et St s St
OAZ>2UPITFT7TIZT>
] 9= 20 0t 2 0t 0t ot ot et Bt Pt Bt

-
(o]
u >
-0 <«

o
1YY T AN/
—erD LMot
<SE DO AT TOITOAVVO
A0 U XL == Q0 g

CALCU

I E XS R R X R EX KRS

80

%gé?/(tAMDAX+SlGMAXtFLUXO’

I GMAF*F
IGMAX*U

*S
/S

et

X -3

NE
(o2 B Y 3]
& V%
(V8T £ T7,]
ol {0
—Q < b
* ¥
N®X O

< X
* N

b S

M o ~
wurd et O
X o F ImMmrorCeT
aNY NETToo

< W= -
" ue

we XS H N
-0

AN TOOAAAO0
o™ 0OV - Da
T OETOITOO
O U L= b

+ |




,M e
..
Ww v
o
3 < =
3 o w
- =
" (e
z v
- L
T Ww>
vy wuwl
— O
- QU
= -t
V2t loadand* S
] T bu
o v v
] o Zo -
* L 4 O] w
[ ] > (8]
- - Q =u<g
- (] A o~ |
ed hd [wp] - Zag) -
v - « M >
Y - [ LB Y S Y . «r
. (S ] u -~ (VAR ] w -2
3 -t o (L] O Uil - =
4 ~ L4 z ut - o Z <<
g jan) T b 3 O DO+ w (L)
3 * - X ) (V2] - (8] +
1 - Q L - <oy — ¢
i o - oD w <<
Qo= us Q uw O wwa uw o -
- Oyt e < " - A w ¥ X
“* 0 Z [} > L VTN (] _—tqd o
-~ « | L4 - Ziet (&} Nera O
j! Py -+ - e S s e >
1 ~ 0 we X mo o a8 | > * b e
i -~ ) > —0 =b—w o ] | e —
: - N - ~ wT [TIL - — RS
! o L4 @ < E 3 D % — 0 Med <
[Nl [w) o o] < e O« . LY O U
(X7, -l = - O =D - N ZOD $EY -
F o e [l O TSy M e DA o ¥
! — Wy Ww e A¥Y C N o+ TIIT - S B
' (L ZQ uwn Z N - W\ - < #uH*Ta L
* MO et et - % e NZCO meey TyUuXXETCLEQ O
! 10 [- ol ] - m e~ M G N OFT e Ta IS s
i M et ot ~ T W OtY €W L) 1TSS minwwet) 3T T TSN T
— - Ot -~ [ S Tl Y VR VRN N o TLYV LTS L N T P ]
T O -1 - - «a« o M 2t i ot
ta [ 'a] . (] <o NRENHNgNAININH I N
> WE O ¢ OO mi WS dem Z o~
-l TO (Weeey ) ] TOwr A Dy smonomomonay o gnte. {1 [} i = om omamom
(- -4 ~000 OV O QAN MmO - N i Tl Laa}
([} O = QO Nttt HOSYN o O e o e v vt e e Z7 () P U ot o o s
" Ww.oa 00 WEOra e W vOXOOIMIQ AR enfIO e 3UIDIL W
oQm —_ dMANOO0 =~ Z e +—a b
(72171 o] I WOSh-dT—ad R =0 L 3
adq p. | T OO O o - de >
VU F KLOJH0d DOAO W D
- oc wOOOxUC Odd Z= O
X g - 20 *™e
0O <M Wwu < I)JI Xy <«
N Vdd N O A O
o
-
o [T P~ [=)
» BH e N o~ kR X ¥ ENE R R J o
( 81




GOl i s

-~ - -— & -~
(B - W  emem L e [T
(4T} - " - U emw WL — -
wv Y e - UL e~ - W
O el -~ [VAE- (ST
~N < (£ NULa 2ZW 7 LIt ~ 0 o
= - Wey TNID=Na ZD o _@x>DZ
(&) -l X Ol D=2 Z2-M
~ W NN N b= dO R b O e
-~ [%2] O YTF NI STl ULy <UL
e b4 — COIULCY dWhaX sl et
~— o T=¥ O ua xxiuda, <cuiw <Q. a. OV
-4 > IUFWEDMNo Yy oald W Foaeow
-l Lond e - e\ ICWF I DDWUYE Wl Do
(7] 19} > il Nl X U= DUl DDA =— D
[ > L SYOAWT T b =D U
2 w = = b OV b 1A W Y <Y by <
— o R T -2l Wl dWaglla Do
w ve (@17 OF >Nt g U o JawZ wad v
[ v e O wwZ L AP wt-> W AT Z 9 60 U DWWVa
; — Wi Z W wvieQ Wy =y, <—OrFDFwaribad SWACOOWE
! U = O B NG mAOADO»O0F0 DD 2T0 WS Doaw
U - e () DO W b EOCkdO =200 DU
Wi — -3 QO el - W =D d T a7 O ——- g
[w] Cwr ¥mOd TO>OULVFUWLNTU LY < T g ST T
L) —3 W ~steww @ el <MY ™ 107 L iV PE eV e _ 1l ief <
(@l 7,74 A0 US WL O A U™ wrma sy
> (<4 u=ZW" WDy DA OIQUII™TMA I Z 00T
o] — OO e CUl i~ 2 IO OWOST U =S OV
' — =z O i Y el > W O - wod W -
- ] T ot LOONUHEX O -0a =0 Q0
(&) o g dId OO o MOZ 0O0Z Z+-0 Z LOrww
b 4 Z @DOA UL~ NG W b <D = W
= < us POWEF X =~y Z | DZr QU0 A ST _NUT < <
TS - > Ot ™D D> W2 WAL= C - - 1 DLy
W — O b= AP (M) D’ UIIOOIIWZOZ C222WD™D
[-4 = S AL UL h-TOOZUN LW YOO it Ol Z O
w ~ L LIRS FTTRT LI A=lIM VIt ™ w ur W S g«
w - - ¥ AAVNT TN MWt UJUIS LA L et N UL = O (D XN
v ™M (5 [ T Mewante | om oM 07 O OO O
2 x4 NV =t T HHUNZ T N D N T =N S F N
< =:OQ c V2 WWwWw-> LuOTI0D Daunds<ta DI Ui aD
X a¥x Z FDOWTXXTDN OB U UOZZ2WC WD abOwathamdadCawa s
4 | <t -4 w0 Wk Wl el >0WWuiC e iilule O 2 —uiu 'l
’ » 2 CZNAAAZOE NN TIZT Iy PV NI T T YN T Z
v # o < g Mg O < ~t u g wa
Y O «daq (=] Wi X O U il et T ilifb o S G C @l o d O =
’ -0 T o —ZaMNdwvQal | 2 | X ZCOT7 0 ZT <O 732
—rTono b2 U rtbe e b 5™ XY P77 i U S S Db st TS DIt b e T S S
Wze &t 1 0 - - -2 S S TR TIRY, 41V S TR o aal S SRy o Vo B SN B e o SY 5 [ U 4 PR 4 S S IR IR - 4 S o
oa _1<g AT O AN DT LI T AT TNt P T ot i bt €€ 1t 1 1A LI OV 0t S 4 111N D
— - e XZZUWNWTrONUIWZZUWUIZZS>Z2u 2= uiZUlZe-22
xnnunn OO it~ O LIOE DX O pt 0=t D o bt bt & Bt (Y, 4t 30t U QL 00 O O U bt 0t
— a
OF o oy s ety i Zunnn
O et N =i ONE N — - >N [
e o et e —NO o g L~
(B3 of, ST Twineg Cinim = 5% (1'% T T M ~ - A M AaC
L= 4 NSIETM SR OOrcat ADAaN CCrim s et (VO
w it ) QOO BTETOATTITT 50 SIS S TTITTTTOT OOOVOOCVNV
o ;hhw m&&&cmmmﬁﬂm<xxX4thPhhhkkF b -a
< o
- -
- <
X W b
o
(7]
* *  #e I ZE R E RIS ER R ERE RSN REE TR Y RN BEFERE
82

e Dy




(BTY/SEC)

=ilich
zZ

e ot Gy

Wuii

L-&-2"4
[ ol Y
[Zallal%]
2>Z

St Gt Pt

-
—
14
-
0
>
«t
-
-
o X
O =
& X
X ~
Ul o= e
o = =
- 0 x
O o <+
- = .
- N L]
St 1 -
T - ~
= 0 e
o V) e
et O
C=E>x
woaex |
—Owa
ol e
x U | (D
¥ T - -~ ac wne
oy - - A Ma UL ¢ e
-~ -4 — e Ort T x owtnT
> M (a4l - v XTO U =T MO XN D
O a ¥ O O ek e > oo
T w e TN ] s e M W= O |
o - Ww ~ g VL DJvw Do OO -
TN b @ o6 a2 ad r—N - O
¢ b - LoV o - §- W § Y w0
-l bt o W oo o0 o N e =—O#
- s\ Ty -XZ&QQNO OO O Tow o

OrteiODAN D & o0 0O ¢O ¢ ¥ w0
T e o ob_dm¥Y T _ JONNTO ¢ O O O b=~
WOAINOIS St W OO Swar bt SO (AN )
N - & (der »_1 Wit I _jewed NOdH (g
u+u*¥m¥hm~<24mwla4:a4 Oedo w
w A $+0w gdZZ JAaX_j0¥xNT TH>axO
l—uJZc!cZS'dOLLu.* WEFSTmS Qg 1 X - O
WOCZTEUWTFTUWY ForacdOuwdTuda® < |-
2T AUl ZXniU- Tl allor> W

—l - - o - o [~} o OO
v Haewrn Wy U= nn n dn 1 = )N - 1L
nw O neal—- > n N wed W O

_Xb-— - I A <Ca NOWVWI—
ocmm:«oxluo X OOt Qv S X Y
FIZTIELTITIZ TXATTITOOZTITOERD

LVXAAULWXOXOE - Cha J0 0
-4 o > = (6] u
w =) w (8Y.4 w 8}
o - > aQ v o
i [~ 4
o a

* * #* * L X J *

83

+ TS
((ALIG(TST)-C2/C1)

[F] g VV)
L4
= ul
(o]

W
LV
Ora

ENDPR

bt it el o _§
ITITWr-oOo
NVNO- Ca
CoOI0sw

v O

-
onn ICd

[ 4 4 4-F- - €4
o
>
—

RAD




T * [} L ]
X, LFLaded

FLAG.CFLAG1,CFLAG2,
T2,

1,
¢+ X0y

(sp
tt1

PROC EDURE

-
[a] [.'4
wi -

b (7, ]
o ~
o]
(V5 w
(- 4 -
w L4
a [- 4
w
a o« a
w w >
[ b
v W (244
-3 L-417]
Z2ng Lol 4
Qi v
oot e &L a
- Q & »
<M w0
[ 4 gl 2xoO
O D= OX »
uCax ano
—OW ECe- -
P b =TOINNY DS
ot 2 b Com
—<I) > &y b=
Q o +¥%+ O0wo
- oNZEO [wl-dol=]
SWZo xOOXw o
g FTOw ogn X
> Nk=TON a
W [ d S VS
wakroa i T2l T g ll]
LT STTIEN (W N, Y - f o)
WIED> -l
YXIDCITOWDXD
Qe =~-X0oawn
W J - |
Tu g L-¢
(&L &) (&)
* » *

-
» -
L 4 U
-t g
[ond <
A [}
[« 4 Pl
w I
e 4 (3
m -
Z Qa
- O w (%]
|18 — [
o - Z h 4
T2} - O w
[F O
A Z - >
- T O w= O
be [S R o -
® w O 4 - z
(1) w x O - O ['4¥3]
- 7 o (SRS ne <X
N O« LS n oo -t
o e W o XOFk OF <
W > - W NOV -
e Y N M= M [
[ -] O =X % i
a 72 wv - ue T
L S ¢ -_—0T70 O~ —-—
O I un ¢ LCOET ¢ -
Z Vn~0 [ Lo g wo
O T XOWY ob-lemdr4 o
— e O o = W g =D
b o ANOOAODX S« 90 = »
— LD D e QT N Dvo
0O N -y O i UWb=Lith P
-4 po 1L N - WY, <4 e XV
un M M (Y (ATIPT T L e lM

FTed UWNYO A7 NMUI=Om

Trd = NV b~

-0V COaCMm v O

[ el At el L TO R T I 1+ 4. 4
O w0 U SegcoTuwOw
VO v Cur oul
S2U0OC OF O o= ¢Xx o O
a #Ox W agd C xo

T
wi-Tu

(Ol Bt Y=t

wi
I

ma  Wempeamn WO & Owrt Yo

ZU =X e o> ¢ (T DWW
T AT O LIYNTI
— 0w A MOOUNT At Yt Y
-0 ¢ e O WL

W FTOL oI ULIYOIWU
W satiyyeny— [T PSS
Ul OOy WW

Odity T OOVOLIW

x NG U s OO

[+ o w

Wu _IOW¥Y T Tu

EF L L B Ue

O O Olllw

X nxoaTu

L Qe (Y ) et

< W W

WL Tu TW

Lt LI e

I brgd 2 g
0t € Themil rttem
- NEE e DY Tl sl AW UT Xy O
il Q-0 X0

LE NN BN IR R R IR B N I

84

T e LY




w
'
L~ ¢
-4
=
L4 Z
[ 4 ()
) —
(%4} -
<4
" "
ot wy
s -4
— — X
< b= H g
X - 2 ¥ o <« u
wT - g O X
[N o e P . S 1T oY
T e e o [Toloal o4
weg vnZ v - (Y] .
-w @0 o Qe -
- um O « O T
b of B T Y o B A e L 3
A 2 & N N

— FWw o Wl Wiy
T o 4 _jnOZTOEZ  oTX
O O rtomif™) b il mabot ettt 9=t LD ot

wo A0 I1ed = =@ g 0
wWo a - W W ~0 -
-0 COHZETHNZIND et 3 hy wt
— FTM O s = =0 fYd,]
Owv <¢tu!h~hm oadnaD
2w - e W) WA NTSST A

UbIhIh:hzm [a]wlw] TS
U MWNWNWSLIsm O 1 JSJWO O

Zr NONENE- N I ONENNY
gt

e Ll

- ]

o (=]
HENORERERETE B F # *

5
JTBACK CINDITION CLEARED

INDITION CLEZARED

R
I

")
LE 1 R

-y
- 3
L -4
[~ 4
(@]
o v
w
- 4 -4
o v
w
-t | od
[ |
a o
w Z w
o O w
< 2 d
w -
-t - |
o Q p |
P-4 —
Z 0O x
o o
[l b 4
- ¥ (&)
W L= ¢
0O ax [ o]
P DOem b~
O = D o~
OND - O -
R4 (L}
Xed D O «
O v Z
gD - - W
Sz [ =]
LVLOLO VU @
_— O v
Y -t w ~
T VR o -
vy LD L)
-0 - ™
r -0 et et \J ot vt

¢ w @ [TILNITEN, ]
W i e tNOOLOM
—y Zh- DL @ S
ettt O E - )
Y471 4. 4 e UL WL UL ©)

OwiX arF~unounode
w (=)

Iu -

[& ]

o n
* RN RN R #

CONDITION

o
* % O




zZ
o
4 —
(e [
-t —
- wv
— o
o a.
-4
o (=]
(S} —
0N
4 x g
O (5 o
- L-1 -
m v 2 a | ol
| g 0 Z - w
>} A Wrowms T <0
il o »ne [ * -0
F 0O (=] =
v DE=UWZ - M~ Ow~
U ¢ 0O o ™ o
= 3 Otle~ < T o
O OCEr - *+ -0
aw ZF O v
® oYU s u e
T el o(NT T Zuitn .
MO ™ Qrtail i it _ o p—
et e A Mk MO
T LI w C-aX-4 +*

O OWoAwT g Hu D00
Wieet U oI o= i & [13111)
WO o DTN ) X
-0 A e WL o Qo] i

—_ WAL T = ! =
OO0 OO =L L -t
Zw W NOV=FNORe I 1Y -
-

-y oW (=YY= w]
Z Owen I g+
[ETSENTT] o0

oy ITW el
axX O ok

" o 3l
L XL X 22 X N * » P~

86

o
T z
I P-4
- «®
-y
[o 4 -
o -
(L} o
P | o
- ¢ —
b3 w
w o
- pu
(72 ] -
b3 L4
(%] o
b w
<t 1 a
[- 4 (] x o
(5} o u <
v - + <
2 [> 2]
=z o (on] (L)
- w' (] Z -
o [ (@]
wh «r —~ - -
z ui > « c
- A - o > w
- 8] (= 18] a O
p | (=] - Q- [-- I
b=t w Zz (o] (%)
[T o (] w -t =
ws < - o st o =
o w - - < > O
—~ — — M on
p"4 (@] (] g Z - oMU
(8] -4 2 O O n 2
4] Z (g U ms 2M M U
- o [w) 'R a - " =N X
= - s e W -
D -0 ¥ Ww O Qe O™ of
w e - ol = Zees Lo X
o o g O+ * b
0D ] P R ST YT Y- 4 [}
ZWv C- <= 7 - -~ 2 o
"o (&} o & JHO e - Wi e~
[ 4.4 [} =T a1 O~ W e I=
oW E 4L] O O <~ 4 x- O
(8 = o~ x O = Ve I -
e L- £ b ) Pempt wd st 1)
mo o a1 L] ar Crt - ~AuNFEn M
w T WO @& O oao+thu - L)
[« o T LUO O P EE O
- O et = G- N g W -
et A I ¥ () FU whreJ-F -~
Lo T MO @ b S WDt
-0 [T Fw W i@ N st~ o
— - (L LT ~v T e (x4
OO0 W eaat-W Qary ol w
Pwrd e WHAZ W UL n .
TN D Ul ~N
WO YTy  YX=Tu e
= OwlF-OT o Qv -
ot Wt W w "
Xyt TuU > TuW u
[ 8= L AL C- SIS | el ]
[=] v (=] [Tal
HRHD HRHDW # AREROR * * O




[=]
Zz
L=
[2 4]
[
o
<
(=)
w -
(17}
- [-'4
[w) 2 x
Z -4 -
L. 4 L]
@ z 4 o
[ 4 Z
| o puo ] W a
(o] =4 - N o
zZ w w
w A ~ [
[TU . (7. T S o
[= N} (o) ™ [V IR 3T 94
- 2 -4 - w — T
[V I ] < X Q0 —t
- X © (=] (L S I
hu | w o 0 «O (%]
[ B -] - o w &£ -0
- [ - ot - a w - 2
-4 P e = ¥ w =021 - O
F A I [« ey - ZNOoas v &
[ "y wv w b QO rmtZ DT er
(=10 T @Xmnes v FTO i b Z
U Fetedws ) oOZ O o ™ WeXry O
F g nn O Zmitt o & (SN X Taul ST & X717, BENE ]
- O Muel O 2 o - T~ N o
g OFDF - -0 w D Ty Z a0 QA
— OZ -z X 0O - C& ¢ Cw O
e O 0 0O « O 0O - 8 TS SODpmem Xl =
C ZOCw +L + Wi - NI =0 - [V}
¢ TI> w X O < UL mll. ¢siO T wiY o
=l g ® - O = 0 wN—-x OO0 Oz W
W emes =F O Qally N w= o Z e GO N i et 3
F o0 W X -t mO ¥ or— « D ——uoZ
[aploal72 T B Taa TN -> F v 0O ) | T \lll"”ﬁ\ﬂf{ﬂ W _ ™
Tr -9 o Oy 4 -4 P T T !un we
(L) o DowloQu:w W ¢ | s QO e ¢ w [T OO
- 10 wours FTNF Ol OOIT ULwn-lu V’(.J——‘chw o
- O i ND ettt bt it () @ Ul et N Z - Q. o WWILTIO N H
&OmIWMFQF-MFbwdeOI O ¢ (N Lot Ol - T TN

= i TE IOV OW « Z WVTUIMTE T LaY oWl gl Ul W et
0o Hh047~2nu4"n~¢ pth bt ) et b= O QW O BNV = = =N W

o W u w ST T O uu ~
OO &WmhwhdeQdﬂhwmdﬁmTO&dme& W
u:«t—d HoemF wZi HIWW TUIHWVORD st S 0 -
~Nod [ ekmniant T A R 3 T il Zw
muo:—zbummm~~wu~wm WNO YNNI U -t
- COWOra B NN -0 = NAV V= -0
ST W w 2Za
gr—Tu TWw ma
U= o [ L] Ug
o 172 (] ww
(=] o L -~
* # i * » * * #* ot BrE X * RE » * » - *

87 :

!
%
l




LXCOuWwry.e [Ty - QA e e
M oD +-» ¢ N g e O W
® W ore X N o Te v (o]
W D80 - o L I W2
X oUW Z « o« O OW «aZ >0
We Oe ON I W > EO L0
TUlFD e e X o o ode) <t
C OF-Xe g < W OW >n
e CINOV I W Oe zn

ol oD < o e We
N WsaxZ C X Ce - -
O e prem = (ot T S SN V|
O eTe QL - X Do N =~
UXWag W O o« ON O OV
< *NN==mTEWN T «a - WO oUW
We o Ve F o =me ZU X e
AEHNNIATe w d=UUN o ¢ e
o Ul e V) & - e 2>u De ]
eeys We o (N We LI =11 WU

L sl - - [l - &) od
S *Q0 o IOCUUWE Wk e
sLINUWIL SN e ouXWe oe e
QA o e el WWMUrDO De =X
OFOIeo r Ll QUA el =X w

NLUL il +¢F F TFTed g e =
Whie eTIU VIS We ! otV PV o "
W ek = o=\l 11N W o
bt ) LD LY A Tuva o -
UWZUNNET = o OT -0 e =e B¢
WowLw Zwhe Oe
e d o—WO- OWw »
O XK VI = oo O = W=\
De DUk oI ¢
AUV » Z e OIOWZTZTOVNZND =~
WS Fiude W Fer « slWi—U,
Wera ot ri\® b Thept I IO &
=T e WD ¥ ZeZ-00 oL Ze
Al =T e e (U O™ o le I
e el & a_lde 1 e Sle O o
nNd o e NOY I3 WO B eE¥EW
it oD 1A MOIMNVNL Vil
>UINW 2 QCNL O «ODZwv0
O aelkl o NkleobkaOQoua
WO D oy «ONT OOV
WeEDaosnCe M oDe I+Wlide o
<O oD of lileo UW ZTW «QOO
VX eoke ICOWLY Xib—ZXxOuwe
W tIMNmiad de O VATV
A Unie Mllle Wt el e il & Mg
Tt Ye o o IY SevOIINM L% IA W
- _1"™ a(NZ o~ L PN I o ¥
b o= s ZWTLT T VAN Yo T o
M= XOINO—~ZCOOUWD +WO IO »
eZUNVIAL oll B ripill 0t &> N\D P XX
Ot s WN o1 O ¢Te IO o110 TIN
O XA ee mitre » N 2e Ok -
e oCTe HID lHepeorile Do
were b=t Qo b e (M. (Nl o
PO~ « O Thde =" o
IDdeod o Ne JAT I-<LtV o<t sa ™
T ol ot o T =T e TWNT—XT
XXNXZN OZXe X XA X INXA
00 o d o) o0 +CXOOVOX O

aF- B NI woa T x
> e Q. b Ul T2}
= N o = D s e
wuy) LIS o - [ 8
-d = > S e g e
= 0O X+ @X >X e
=D W un TH N o b
0O UV g = We O
o < o SNOAdN W
Teor Ulemp-W Ul ® 4 o e
F- QeDe Ze (o e
c LI e I OV
WO X I s e LD
I QZ el o= o rt aZ
UmOQ DNe kN Ze O
D QWL = o [ kS
e =W VAW 0w
D «ODuna e LZZUL IWwwnv
O win - oDt &« de
N0 e 1T SNe OUte O =
LIRS I VY o el OAN

e YN W o
oW W [~ 4°)

s OCH WIXs X «OW
o e It =0 ee -~ -
Qe ol oo <IAN e NOUe
U oONI_I® et & e [0S X -al
O (YN MM el N arv e Wil
« ot WP\ —Mlle O ¥
= OUPTTFCY e« P ok Mo s
e ot 3™ Qe U = e
— aw - LHpe <l -
Ze o X YWWgW N\ o
—lUe )3 T Q X

IO X<t™ go ptf—w Zwn

TWmZING e ob=tet = () ¢ o

L= op=ONeo I-Xe P Ue

Mo OND stADUE ety [ Y
Va = «OWVOL) *X s Yie
W Mve L7 NAVS (0T
O «OW o o) « <O A
WD ecta beae Ukeo MNde O
O=—N\M st I WP «M>Z W=
DO o NN Qe =T Do
<Te D s W —E D O -
AUULOVA T Q0O we
- ¥4 UDO =t O DD o
We @ @ *e@Q (NN XWNe Z 10
A eelieor 1xCe UCVN=TUL
EXNTNaoxoaa +TA0x> »
UL MU= = N, PPy e
= oA Wint= oA oA AOI™HIH
N R Qe e O
T e eIMITCNITFUTLTTWOK-
Qe = OAOWUHIO ~®> wVOkr<a
e et i T Qe = Wy
TWWICTe It Tre Ler
ax O e u - TO
e ADe o Xe e O OCNe D
e b Wl i il s b
Y ardl 2 X0 O Ok WY
I I UINNTA O T
T WFET e oT QAT 6T
WO e e \NXNXDX X w OV
C>XO0 «»0O0 «O-F0OFN10x-

WU O e JO0ZFULULXUINUL Wl WS eenll, JUIL XL ie W oYl WU e

*
TERMINAL

000

000
6001
6002
6003
6004
6005

DABAANRA P B AP AR AA AR B AR AR AR A

°
o
o
0

(=]
-
o
0

6007
6008
6009
6011

88

R REACTOR

L PR




Ll
- vl
o o
[«) .
w0 -
[Ty} -t
-4 - (=]
O L ] L
> o ]
O O -
o -
W e [t
ry O -~ s o
- o [-'4
-4 - . -
W e~ [ -
- » ow —t
< ow -t ow
2 W «Z [17,)
nZ [e]lw] -z
o -0 Q. -t )
w [J-9 ow Qoa
N Own —il) [17,]
- OUJ ot I ut
o€ W\ « -y
D w []a] u?
Vv TWw ~d C>
v C I
[TV S | -4 o =
o [ oD~
[~ % 3 o -
[«T. 4] oOZn -t
< wnw ved <L ouv
na I « T T
u "~ — (2134 0d LIy
o [ 1] ! L]} laladn)
O O X O e
0O = -OXx *« =X
coown oa [}
[ - - w - ~ -
- > 0 ® 0N [ T}
g < [s0] I
P " a ] [- 4 ]
- - - -
F W = U = W
- ¥ IO ¥ IO ¥ IO
N e O = D = O
= =GO = A = O
Wide [1T) ] Wi
b I = IX = I
- D Dot e P
W awlw aAawww awww
- o] !—enﬂbw O—OQLD (D
L4 L. ¢ Da
-

JUTDEL=0.1ly PRDEL=5,0

FINTIM=600.,

IMER

WATER REACTOR
0
0

-
> . 4-4

00OV (== T e
ZZZW LY

89

SIMULATION OF A PRESSJRIZED WATER REACTOR

ABEL

qdadg

e}y TC(500.,550.)

Dad
awwwIw
—DMY
L& €4 <t Da Dadadgdaq
*c.m.n.*c..m.n.*o_m.a.m—*wo-u.m:m-o-n:n.&.:* OLJac.a#DascaroO s a

R e )




l),RHOT(-.Olv-OUoRHOX(-.OI, «01)

(=]
L ]
Q
ous 0
(17, ] "
-2 -t
~OZ w
oaw =]
LIV, 1 ] ~
1w a
gy & -
[T - ¢ (=]
O .
T —
o [}
[ -
e, O ty
it | o
Ouly -
*I XX >
ollt e (]
wdoy -
o bt [1a]
. = +
' wr
- - <
[ n .
X n
. 4 “ "
- x
w b oy
T IO -
- -l Z
- [l ~ -
Wa» u >
(5 b4 Q
Ddd -4 -z
S WWWW  w D=
OQVO F Ao
pol- O O O EN =] )4

Z2>>
# O30 O3 % Weatl)

VL




APPENDIX G
INTERFACE PROGRAM LISTING

SyS.13 SsPLIB
DATA
C
P
P
p

FLLnNNVA.
Ori—HOOVLT
Lo o (7]
& UL wOmMm O
[ BN Y- L7, TV - o o
o ¥ U0 PTITe
XTPOn addaaZ
(TR aal7, T T DO O PR N 1 - §
¥ w=O<waaaanad
k.t o
=70 W Z e
O I ZT -
WL <O ottt gy Pt
[+ -G YV 1T S anY: o T. o] o] o} §
P ll0) NIFIFTF @
b= 1A =0 000D
WWSOOUL JULLOLV)




LIST OF REFERENCES

Schultz, M. A., Control of Nuclear Reactors and Power Plants, 2nd
ed., McGraw-Hill, 1961.

Bell, G. I. and Glasstone S., Nuclear Reactor Theory, 1st ed.,
Van Nostrand, 1963,

Radkowsky, A. (ed.), Naval Reactors Physics Handbook, vol. I, USAEC,
1964.

Henry, A. F., Nuclear Reactor Analysis, 1st ed., MIT, 1975.

Duderstadt, J. J. and Hamilton, L. J., Nuclear Reactor Analysis,
1st ed., Wiley, 1976.

The Shippingport Pressurized Water Reactor, personnel of the Naval
Reactors Branch, AEC, and Westinghouse Electric, Addison-Wesley,
1958,




e SR e A A e S T i S

INITIAL DISTRIBUTION LIST

Defense Technical Information Center
Cameron Station
Alexandria, Virginia 22314

Library, Code 0142
Naval Postgraduate School
Monterey, California 93940

Department Chairman, Code 69
Department of Mechanical Engineering
Naval Postgraduate School

Monterey, California 93940

Profassor Paul J. Marto, Code 69Mx
Department of Mechanical Engineering
Naval Postgraduate School

Monterey, California 93940

Professor Gilles Cantin, Code 69Ci
Department of Mechanical Engineering
Naval Postgraduate School

Monterey, California 93940

CDR C. J. Garritson, USN, Code 34
Naval Engineering Curricular Officer
Naval Postgraduate School

Monterey, California 93940

LCDR G. G. Heath, USN
Department Head Class 67
SWOSCOLCOM, 81dg. 446
Newport, Rhode Island 02840

93

No.

Copies







